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ABSTRACT 

Pulsed laser ablation of solid targets in liquid media is a powerful method to 

fabricate micro-/nanoparticles, which has attracted much interest in the past decade. It 

represents a combinatorial library of constituents and interactions, and one can explore 

disparate regions of parameter space with outcomes that are impossible to envision a 

priori. In this work, a pulsed excimer laser (wavelength 248 nm, pulse width 30 ns) has 

been used to ablate targets in liquid media with varying laser fluences, frequencies, 

ablation times and surfactants. It is observed that hollow particles could be fabricated by 

excimer laser ablation of Al, Pt, Zn, Mg, Ag, Si, TiO2, and Nb2O5

The work has also demonstrated the possiblities to fabricate novel nanostructures 

through laser-induced reactions. Zn(OH)

 in water or aqueous 

solutions. The hollow particles, with sizes from tens of nanometers to micrometers, may 

have smooth and continuous shells or have morphologies demonstrating that they were 

assembled from nanoparticles. A new mechanism has been proposed to explain the 

formation of these novel particle geometries. They were formed on laser-produced 

bubbles through bubble interface pinning by laser-produced solid species. Considering 

the bubble dynamics, thermodynamic and kinetic requirements have been discussed in 

the mechanism that can explain some phenomena associated with the formation of 

hollow particles, especially (1) larger particles are more likely to be hollow particles; (2) 

Mg and Al targets have stronger tendency to generate hollow particles; and (3) the 248 

nm excimer laser is more beneficial to fabricate hollow particles in water than other 

lasers with longer wavelengths.   

2/dodecyl sulfate flower-like nanostructures, 

AgCl cubes, and Ag2

The experimental results and the associated mechanisms developed in my research, 

and described in this thesis, have enriched the current understanding of particle 

generation by pulsed laser ablation in liquid. In so doing, my research has expanded the 

mechanistic routes for novel, or designer, nanoparticle geometries. Within the 

combinatorial and non-equilibrium environment provided by the unique experimental 

O cubes, pyramids, triangular plates, pentagonal rods and bars have 

been obtained via reactions between laser-produced species with water, electrolytes, or 

surfactant molecules. The underlying mechanisms of forming these structures have been 

discussed. 
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arrangement, the basic laws of material science still apply. Understanding and utilizing 

the laws will help researchers to fabricate new nanostructures by this and other methods 

providing similar environment. 



1 

1. Introduction and Historical Review 

1.1 Introduction 

A major challenge in nanotechnology is how to fabricate nanostructures with 

optimized figures-of-merit for different applications and from different materials.1 

Generally, there are two classes of approaches to fabricate nanostructures; one is through 

bottom-up assembly and the other is by top-down fabrication. Methods in the former 

category build up nanostructures from molecule level, mainly through gas phase 

processes, such as flame pyrolysis and chemical vapor deposition, or through liquid 

phase processes, such as wet chemical reaction and hydrothermal method. Methods in 

the latter category generate nanostructures from bulk materials, through solid phase 

processes like the conventional solid-state silicon methods. In the past decade, the 

bottom-up approach has been widely adopted for nanostructure fabrication, but top-

down approach such as dip-pen nanolithography and laser ablation has also attracted 

much interest.1-3  

By definition, laser ablation is the ejection of macroscopic amounts of material from 

the surface of a solid by laser irradiation.4 Pulsed lasers are usually used for laser 

ablation, because the high power density near the focus of a pulsed laser (>106 W/cm2

Laser ablation in vacuum or gas as a useful thin film growth technique appeared 

soon after the invention of the laser. In 1965, Smith and Turner introduced the technique 

of depositing thin films by laser ablation in vacuum.

) 

allows this method to be applied to nearly all classes of materials. In principle, laser 

ablation can occur in vacuum, gas, and liquid, providing that the gas or liquid does not 

strongly attenuate (or even reflect) laser energy and the light intensity (fluence) on the 

solid surface is still enough to perturb the material away from equilibrium state. The 

ablated materials can be collected by different methods and form various particles. 

5 They used a pulsed ruby laser to 

ablate solid targets such as ZnTe and PbTe, and found that the stoichiometry of the thin 

films were nearly the same as their parents. About two decades later, this technique 

regained attention with the discovery of high critical-temperature superconducting 

(HTS) materials, because of its ability to deposit HTS thin films with the same 
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stoichiometry.6 This method, now well known as Pulsed Laser Deposition (PLD), has 

attracted intensive fundamental investigations and found wide applications since then. 

Besides PLD, Laser ablation in vacuum or gas is also a powerful technique to 

explore or even discover the growth of new materials and structures. A landmark 

demonstration of the power of laser ablation was the discovery of C60 by laser 

vaporization of graphite into a helium flow in 1985.7 Another well-known example is the 

fabrication of crystalline Si/SiOx nanowires by pulsed laser ablation of a Si0.9Fe0.1 target 

in flow gas at high temperature in 1998.2 

An important part of PLD's success with ceramic thin films came from the ability to 

deposit vapors in high pressures of reactive gases: an attribute that would spoil 

conventional thin film approaches such as e-beam evaporation or sputtering. The value 

of the typically oxygen ambient was to force the incorporation into the ablated species 

and the growing film as well as to focus the plume to ensure stoichiometric deposition. 

As with Smalley and coworkers, laser ablation in non-vacuum environments has benefits 

due to the reactions in a dense, but temporally short-lived environment. It must be 

realized that bimolecular (biparticle) bonding in the gas phase requires a third body so as 

to conserve both momentum and energy. As such, the dense ablation plume near the 

target is a wealth of interesting particle bonding reactions. While laser ablation in 

vacuum and gas environments has attracted considerable interest in the early 1980s, 

some researchers started to think about what would happen during laser ablation of solid 

targets in even denser and reactive liquid media, i.e., to confine the most dense part of 

the plasma for a longer period of time to continue the bonding process. 

1.2 Pulsed Laser Ablation in Liquid (PLAL) 

1.2.1 History and Development 

Patil and co-workers are the pioneers to explore the synthesis possibilities by 

PLAL.8 In 1987, they found that pulsed laser ablation of an iron foil in water could 

synthesize a metastable form of iron oxide on the laser irritated area of the foil. The 

work was aimed at the investigation of reaction at a liquid-solid interface by high-power 

pulsed laser irradiation, which actually did not pay attention to the formation of particles 
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in water from the laser ablated surface material. However, this work opened a new route 

to synthesize novel materials by laser ablation.  

Soon after, other researchers noticed that PLAL was also a powerful technique to 

generate colloids. In 1993, Neddersen et al. reported the synthesis of colloids by laser 

ablation of Ag, Au, Pt, Pd and Cu targets in water and organic solvents, and found that 

these colloids were surface-enhanced Raman scattering active.9 Generation of 

nanoclusters and colloids by PLAL then became the focus of this area. Figure 1.1 shows 

the schematic diagram of a typical experimental setup of PLAL. The setup basically only 

needs a pulsed laser, beam delivery optics, and a container to hold the target and liquid. 

The experimantal setup may be modified to control the particle generation, but the 

common features still exist, that is, a laser beam is focused onto a target immersed in 

liquid, and the ablated materials are dispersed into the liquid. 

 

Figure 1.1 Schematic diagram of the experimental setup of PLAL. 

Promoted by the synthesis and size control of noble metal nanoparticles,10 PLAL 

flourished in the early 2000s, and soon became a unique tool for nanostructure 

generation.3, 11 A large variety of target materials have been used and investigated for 

nanostructure generation by this technique. Some typical works are summarized in Table 

1.1. 

Table 1.1 Nanostructures generated by PLAL.a) 

Targ

et 

Liquid Laser Type, Wavelength, 

Pulse Duration, 

Product (size & note) 

Holder  
Liquid  
Target 
 

Laser beam 

  Focus lens           
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Frequency, Fluence (or 

Energy per pulse), 

Ablation time (or pulse 

number) 

Ag Water, acetone, 

and methanol 

Nd:YAG, 1064 nm, N/A, 

10 Hz, 55 mJ, 10 min 

Ag colloid (10 to 50 nm; note: 

also prepared Au, Pt, and Cu 

colloids)9 

Water + NaCl +  

Phtalazine or 

2,2’-bipyridine  

Nd:YAG, 1064 nm, 40 ps, 

1 Hz, 40 mJ, 30 min 

Ag colloid12, 13 

Water + NaCl Nd:YAG, 1064 nm, 20 ns, 

10 Hz, 10-30 mJ, 15-240 

min 

Ag NPs (6-70 nm)14 

Water + NaCl Nd:YAG, 1064 nm, 5 ns, 

10  

Ag NPs (5-50 nm in 5 mM 

NaCl solution)15   

Water + SDS Nd:YAG, 532 nm, 10 ns, 

10 Hz, < 90 mJ, < 105 

shots 

Ag NPs10, 16 

Water Cu vapor, 510.6 nm, 20 

ns, 15 kHz, 10-30 J/cm2, 2 

h 

Ag NPs including disk-like 

NPs (also produced Au NPs)17 

Water, ethanol, 

dichloroethane 

Cu vapor, 510.6 nm, 20 

ns, 15 kHz, 1-2 J/cm2, 

N/A 

Ag NPs (~60 nm; note: also 

produced Au, Ti, and Si 

NPs)18 

Water + CTAB, 

TTAB, or 

STAB 

Nd:YAG, 355 nm, 7 ns, 

10 Hz, 100 mJ, 30 min 

Layered nanocomposites of 

AgBr and cationic surfactant 

molecules19 

C-1 to C-5 

alcohols 

Nd:YAG, 1064 or 532 

nm, 6 ns, 10 Hz, ~1 J/cm2, 

1-5 min 

Ag NPs (observed chain-like 

segments; note: the starting 

materials were Ag flakes)20 

Water + PVP Nd:YAG, 1064 nm, 8 ns, Ag NPs (< 30 nm)21 
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10 Hz, 12 mJ, 10 min 

Water, acetone Trumpf TruMicro 5050, 

1030 nm, < 10 ps, 200 

kHz, 250 μJ, 30 s 

Ag NPs (< 10 nm; note: also 

produced Cu, Mg, and ZrO2

22

 

NPs)  

Au Water + SDS Nd:YAG, 1064 or 532 

nm, 10 ns, 10 Hz, ≤ 90 

mJ, < 105 shots 

Au NPs23-27 (note: 

observed12,13 and studied the 

mechanism27 of laser-induced 

size-reduction of Au NPs, 

found laser-induced formation 

of Au nano-networks26) 

Water, water + 

NaCl, KCl, 

NaNO3

Ti/sapphire, 800 nm, 120 

fs, 1 kHz, 0.2 mJ, N/A 

, HCl or 

NaOH, n-

propylamine  

Au NPs (note: surface 

chemistry was studied)28 

Water, water + 

α-CD, β-CD, or 

γ-CD, water + 

β-CD + NaCl + 

HCl or NaOH 

Ti/sapphire, 800 nm, 110 

fs, 1 kHz, ≤ 1 mJ, N/A 

Au NPs29-31 

Supercritical 

CO

Nd:YAG, 532 nm, 9 ns, 

20 Hz, 0.8 J/cm2, 5 min 2 

Au NPs in a liquid-like 

density of CO2, and Au nano-

networks in a gas-like density 

of CO2
32 

Water, water + 

CTAB 

Ti/sapphire, 800 nm, 100 

fs, 1 kHz, 300 μJ, 20 min 

Au NPs (5.3±2.1 nm in 

CTAB solution, and 11.9±7.8 

nm in water)33  

Pt Water + SDS Nd:YAG, 1064 or 532 

nm, 10 ns, 10 Hz, 1.6-

3.0J/cm2, ≤ 6000 shots 

Pt NPs34 (note: By 355 nm 

laser irradiation of Pt NPs 

coated with SDS, Pt nano-

networks have been 
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produced35) 

Water Nd:YAG, 1064 nm, 10 ns; 

532 nm, 8 ns; or 355 nm, 

7 ns, N/A, 1-110 J /cm2, 

15 min 

Pt NPs36-38 

Zn Water + SDS Nd:YAG, 355 nm, N/A, 

10 Hz, ≤ 100 mJ, 1 h 

Layered nanocomposite of β-

Zn(OH)2

39

 and dodecyl sulfate 

ions , 40 

Water + CTAB, 

SDS, LDA or 

OGM 

Nd:YAG, 355 nm, 5-7 ns, 

10 Hz, 6.7 J /cm2, 1 h 

Layered nanocomposite of β-

Zn(OH)2

41

 and dodecyl sulfate 

ions in SDS solutions, and 

ZnO NPs in all the other 

solutions  

Water + SDS Nd:YAG, 532 nm, 15 ns, 

10 Hz, 100 mJ, 0.5-5 h 

ZnO NPs, including nanoleaf 

depending on the SDS 

concentration and ablation 

time42 

Water, Water + 

SDS 

Nd:YAG, 1064 nm, 10 ns, 

10 Hz, 35-70 mJ, 30 min 

Zn/ZnO core/Shell NPs (note: 

tree-like NSs were obtained 

by aging the corresponding 

colloids)43-46  

Water, Water + 

LDA or CTAB 

at 80 ºC 

Nd:YAG, 355 nm, 7 ns, 

10 Hz, 3.2 J /cm2, 40 min 

ZnO nanorods47 

Water + CTAB Nd:YAG, 355 nm, 7 ns, 

10 Hz, 100 mJ, 20 min 

ZnO NPs (note: spindle-like 

aggregates were obtained by 

aging the corresponding 

colloids)48 

Tetrahydrofuran Trumpf TruMicro 5250, 

515 nm, 7 ps, 125 µJ, N/A 

Zn/ZnO NPs (<15 nm)49 

H2O2, H2O2 Nd:YAG, 355 nm, 8 ns,  + ZnO2
50 NPs (4-40 nm)  
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SDS, CTAB or 

OGM 

10 Hz, 130 mJ, 60 min 

Ti Water, water + 

SDS 

Nd:YAG, 355 nm, N/A, 

10 Hz, 150 mJ, 60 min 

TiO2
51 NPs , 52 

Water Nd:YAG, 532 nm, 15 ns, 

2 Hz, 4.1-12.4 J/cm2, 30 

min 

TiOx
53 NPs  

Water + PVP Nd:YAG, 1064 nm, 10 ns, 

10 Hz, 80 mJ, 60 min 

Rutile TiO2
54 NPs  

Water Nitrogen, 337 nm, 10 ns, 

10 Hz, 50 J/cm2. 

TiO2
55 NPs (~10-100 nm)  

Al Ethanol, EG, 

acetone,  

Nd:YAG, 1064 nm, 6 ns, 

10 Hz, 280-400 mJ, 5-15 

min 

Al NPs56 

Ethanol Ti/sapphire, 800 nm, 200 

fs, 1 kHz, 0.2-0.5 J/cm2, 

10 min; & Nd:YAG, 1.06 

μm, 30 or 150 ps, 10 Hz, 8 

or 1.5 J/cm2, 1 h 

Al NPs (10-60 nm)57 

Tetrahydrofuran 

+ oleic acid 

Nd:YAG, 1064 nm, 6 ns, 

20 Hz, 0.88 J, 5 min 

Al NPs58 

Water Nd:YAG, 1064 nm, 8 ns, 

10 Hz, 10-55 J/cm2, 60 

min 

Al/Al2O3
59 NPs  

Water Nd:YAG, 1064 nm, 16 ns, 

10 Hz, 850 mJ, 5 min 

(H+, Al2+)-doped Al2O3
60 NPs  

Mg Water, water + 

SDS 

Nd:YAG, 355 nm, 7-8 ns, 

10 Hz, 100 J/cm2, 60 min 

wormhole-like Mg(OH)2 NSs 

in water, tube-, rod- or 

platelet-like Mg(OH)2 

61

NSs in 

SDS solutions  
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Acetone, 2-

propanol, water, 

water + SDS 

Nd:YAG, 1064 nm, 5.5 

ns, 10 Hz, 0.265 J/cm2, 60 

min 

MgO and Mg NPs in acetone 

and 2-propanol, fiber-like 

Mg(OH)2 NSs in water, rod-

like, triangular, and plate-like 

Mg(OH)2

62

 NSs in SDS 

solutions  

Cu Water Nd:YAG, 532 nm, 10 ns, 

5 Hz, 100 mJ, 60 min  

 

CuO nanospindles63 

Fe Water + PVP Nd:YAG, 1064 nm, 10 ns, 

10 Hz, 80 mJ, 60 min 

FeO NPs64 

Ni EG + PVP Nd:YAG, 532 nm, 3 ns, 

20 Hz, 6.37 J/cm2, 60 min 

Ni NPs (< 11 nm; note: also 

produced Co and Ni-Co 

NPs)65 

Mn Water Nd:YAG, 1064 nm, 10 ns, 

N/A, 80 mJ, 30 min 

Mn3O4
66 NPs (7.1-9.2 nm)  

C 

(grap

hite) 

Water, acetone Nd:YAG, 532 nm, 10 ns, 

5 Hz, 100 J/cm2, 30-45 

min 

Diamond NPs67, 68 

Ammonia Nd:YAG, 532 nm, 15 ns, 

10 Hz, 15 J/cm2, 2-5 h 

 

α-C3N4
69 NPs and nanorods  

C 

(amor

phous

) 

Water + ethanol 

+ acetone + KCl 

or NaCl 

Nd:YAG, 532 nm, 10 ns, 

10 Hz, 100 J/cm2, 15 min 

C micro-/nanocubes70
 

Si Water Nd:YAG, 355 nm, 8 ns, 

30 Hz, 0.07-6 mJ, 30 min 

Si NPs (2 to 50 nm prepared 

at 6 mJ)71 

Ethanol  Ti/sapphire, 800 nm, > 35 

fs, 1 kHz, 4 J/cm2, 10 min 

Si NPs (~30-100 nm)72 
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Water, water + 

SDS, ethanol, 

water +ethanol 

Nd:YAG, 1064 nm, 10 ns, 

10 Hz, 50-200 mJ, 30-60 

min  

Si NPs (<40 m)73, 74 

Ge Water Nd:YAG, 532 nm, 10 ns, 

5 Hz, 150 mJ, 180 min  

 

GeO2

75

 micro-/nanocubes and 

spindles (cubes 200∼500 nm, 

spindles 200∼400 nm, note: 

applied electrical field and 

ultrasonic oscillation)  

Toluene Nd:YAG, 532 nm, 10 ns, 

1 Hz, 100 J/cm2, 60 h 

Ge NPs of tetragonal phase (< 

30 nm) and cubic phase (> 

200 nm) (note: applied 

electrical field)76 

Ni-Fe 

alloy 

Cyclopentanone Ti/sapphire, 800 nm, 120 

fs, 5 kHz, 300 μJ, 10-80 

min 

Ni-Fe NPs (< 100 nm; note: 

also produced Sm-Co NPs)77 

Ag & 

Au 

Water Nd:YAG, 1064 nm, 6 - 9 

ns, 5 Hz, 300 mJ, 30 min 

of Ag and 30-150 min of 

Au 

Ag core/Au shell NPs (note: 

Ag was first ablated, and then 

replaced by Au)78 

Water Nd:YAG, 532 nm, N/A, 

10 Hz, 4 J/cm2, N/A 

Au/Ag colloids (note: the 

colloids were then mixed and 

irradiated by the laser to 

produce Au/Ag nanoalloys)79 

TiO2 Water, ethanol, 

cyclohexane 

  Nd:YAG, 532 nm, 8 ns, 

10 Hz, 100-250 mJ, 5 min 

TiO2
80 NPs  

α-

Al2O

Water 

3 

Nd:YLF, 1047 nm, 20-60 

ns, 4-15 kHz, ≤ 4.6 mJ, 5-

30 min 

α-Al2O3
81 NPs (~30±29 nm)  

CdS Water Ti/sapphire, 800 nm, 100 

fs, 1 kHz, 800 J/cm2, 5 

min 

CdS NPs (<10 nm)82 
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Ca10(

PO4)6

(OH)

Water 

2 

Nd:YAG, 355 nm, 5-7 ns, 

30 Hz, 10 J/cm2, N/A 

 

Ca10(PO4)6(OH)2

83

 NPs (5-20 

nm)  

Y2O3 Water 

:Eu3+ 

Nd:YAG, 355 nm, 5 ns, 

10 Hz, N/A, 2-3 h 

Y2O3:Eu3+ NPs (5-10 nm; 

note: also produced Lu2O2S: 

Eu3+, Gd2SiO5:Ce3+, 

Lu3TaO7
84: Gd3+/Tb3+ NPs)  

Tb3A

l5O12

Water, waterb + 

LDA 

:Ce3+ 

Nd:YAG, 355 nm, 5-7 ns, 

10 Hz, N/A, N/A 

Tb3Al5O12

85

:Ce3+ NPs (< 25 

nm in water, < 15 nm in LDA 

solution)  

*Abbreviations: nanoparticles (NPs), nanostructures (NSs), sodium dodecyl sulfate (SDS), 

cetyltrimethylammonium bromide (CTAB), tetradecyltrimethylammonium bromide (TTAB), 

stearyltrimethylammonium bromide (STAB), cyclodextrin (CD), lauryl dimethylaminoacetic 

acid betaine (LDA), octaethylene glycol monododecyl ether (OGM), ethylene glycol (EG). 

Although PLAL has shown the ability to fabricate particles from a large variety of 

targets, generally they have been limited in scope to solid ones, and the morphologies 

are usually simple, namely, mostly spheres. When this project started, it did not seem 

like it would be possible to build up complex nanostructures by laser ablation in liquid.  

Table 1 also shows that most of the researchers used Nd:YAG laser with 

wavelengths ranging from 355 to 1064 nm. As with other laser-solid interactions, it was 

likely that different phenomena would predominate if using a laser with wavelength 

shorter than 355 nm. 

1.2.2 Merits and Issues 

Compared with other methods for the synthesis of nanostructured materials, PLAL 

has some advantages that make it unique:  

(1) Laser ablation is a simple and reliable approach for nanoparticle fabrication. No 

vacuum equipment is needed and the experiments are generally performed under 

ambient pressure and room temperature. 
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(2) Basically, no chemical precursors are needed, thus the products could be 

generated without impurities and residual surface agents. 

(3) Particles produced in liquid are not inhalable, thus it is safer than particles 

produced by gas phase processes which is especially important for toxic materials. 

(4) Most importantly, PLAL represents a combinatorial library of constituents and 

interactions, mainly including: (1) laser-target interactions, (2) formation of particles, (3) 

laser-particle interactions, (4) laser-liquid interactions and (5) particle-water interactions 

as shown in Figure 1.2. These interactions occur in the same system and in a short time 

after the laser pulse, thus are strongly coupled. The coupled interactions may lead to 

especially unique nanomaterials that might not be envisioned by conventional 

fabrication techniques. For example, by virtue of the non-equilibrium processing 

environment, PLAL has been used to synthesize metastable phases and develop new 

nanomaterials.70, 76 

 

Figure 1.2 Various Interactions occurred during PLAL. 

The advantages have attracted many researchers to investigate this technique, but 

some issues still exist that make it a rich environment for future research: 

(1) Low efficiency. Generally the productivity of particles by PLAL is in the scale 

of milligram per hour, or even less mainly depending on the type of targets and the laser 

power. Such low productivity makes PLAL currently impossible to industrial scale 

manufacturing 

(2) Wide size distribution. The size distribution of NPs fabricated by laser ablation 

in liquid is generally broad.11 By optimizing the laser parameters (e.g., wavelength, pulse 
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width, fluence and repetition frequency) and using an appropriate liquid medium (e.g., 

aqueous/non-aqueous liquid or solution of surfactant), the particle size and distribution 

may be adjusted into a narrow range, but is still far from a monodispersion. 

(3) Insufficient understanding of fundamental mechanisms. The ablation confined in 

a liquid represents a complex experimental environment as shown in Figure 1.2. Studies 

in this area generally aim at the material synthsis but not the investigation of 

fundamental mechanisms. Several review papers have tried to illustrate the nanostructure 

generation by PLAL consulting the mechanisms of laser ablation in gas and solution 

synthesis of NPs.3, 11 However, the mechanisms are far from complete. Liquid is inert 

medium which will cause inertial confinement on the laser ablation.86 This confinement 

is much more confining than that by gas. The liquid beside the solid-liquid interface, in 

particular, could be perturbed away from equilibrium upon the pulsed laser irradiation, 

which synchronizes with the matter removal. These characteristics could generate a 

myriad of unique phenomena during PLAL. Some of them have been revealed by my 

research. 

1.3 Research Objectives and Thesis Structure 

My Ph.D. work aims to explain how PLAL can fabricate new micro-/nanostructures, 

by exploring the underlying processes, and ultimately to build a comprehensive 

mechanistic scenario of PLAL. The breadth of my PLAL investigations is summarized 

in Figure 1.3. The research started with the excimer laser ablation of a permalloy target 

in aqueous solution of SDS. I found hollow particles in the laser-produced particles, and 

observed assembly and sintering of the primary particles. To understand the formation of 

hollow particles, other target materials were studied, and finally a formation mechanism 

of hollow particles has been established. Chapter 3 will report the experimental results 

on the hollow particles. During the investigation of hollow particles, PLA of Ag in 

different solutions also lead to other observations, such as the formation of AgCl cubes 

in NaCl solutions and formation of Ag2O nanostructures in polysorbate solutions. These 

experiments will be discussed in Chapter 4. Finally, I summarize the experiments and 

discuss the mechanisms of nanostructure generation by PLAL in Chapter 5. Most of the 

contents have been published, and the papers are listed in the Appendix. 
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Figure 1.3 A flow chart summarizing my graduate research at RPI. 
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2. Experimental Method 

2.1 PLAL Set-up and Procedure 

A KrF excimer laser system (PulseMaster® PM800, wavelength 248 nm, pulse 

width 30 ns) has been used in all the PLAL experiments. Because the KrF excimer laser 

is not equipped with camera, the ablation process has been further studied by using a 

Teosys® ArF excimer laser (193 nm, 8 ns) equipped with a co-linear CCD camera. 

Figure 2.1 shows the schematic diagram of the experimental setup. Typically, a solid 

target is placed in a glass holder (petri dish or beaker). The holder is filled with a kind of 

liquid; the distance from the target to the liquid meniscus is 4-6 mm. The holder is 

rotating with speed of ~120 rpm during the laser ablation. A pulsed laser beam, delivered 

by optics with a spatial filtering aperture to select the central part of the beam, is focused 

onto the surface of the target. The spot size is about 1-2 mm2. The frequency and laser 

pulse energy can be changed during the experiment. After a certain ablation time, the 

particles dispersed in the liquid are isolated by centrifugation, and purified by washing, 

and re-dispersion steps in distilled water and/or ethanol to remove any soluble residues if 

surfactants were used. The particles are finally dried at room temperature on glass or 

silicon substrates for X-ray diffraction (XRD), on silicon substrates for X-ray 

photoelectron spectroscopy (XPS), on silicon substrates or aluminum foils for scanning 

electron microscopy (SEM), and on copper grids for transmission electron microscopy 

(TEM) characterizations, respectively. 

 

Figure 2.1 Schematic diagram of the experimental setup. 
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2.2 Sample Characterization 

Following equipments have been used to analyze the products:  

1. JEOL JSM-6330F Field Emission SEM equipped with energy-dispersive X-ray 

spectroscopy (EDS);  

2. Philips CM12 TEM equipped with selected area electron diffraction (SAED);  

3. Bruker D8 X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å) to obtain 

XRD patterns;  

4. Physical Electronics 5400 system to obtain XPS spectra using monochromatic 

Mg Kα line (1253.6 eV) at a base pressure of ~ 10-10 Torr. The charging 

calibration was performed by referring the C 1s position to the binding energy at 

284.6 eV. 

5. Renishaw S2000 Raman spectroscope with an Ar+ laser (514.5 nm, 50 mW) to 

record Raman spectra;  

6. Perkin-Elmer Spectrum One Fourier transform infrared (FTIR) Spectrometer to 

get FTIR spectra using the KBr pellet technique;  

7. Perkin-Elmer LAMBDA 950 Spectrophotometer to obtain the ultraviolet-visiable 

(UV-Vis) absorption spectra of colloidal solutions; 

8. Spex Fluorolog Tau-3 Spectrophotometer to measure the photoluminescence 

(PL) spectra of colloidal solutions. 
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3. Generation of Hollow Particles 

3.1 Introduction 

The value of nanoparticles largely comes from the unique properties owing to the 

large surface to volume ratio, but the understanding of most nanoparticle formation is 

usually ad hoc. Pulsed laser ablation of bulk materials in liquid media has been widely 

investigated for nanoparticle generation over the past decade as reviewed in Chapter 1. 

The nanoparticles are usually solid and could be explained by the classical theory of 

nucleation and growth of the laser-produced speicies.3, 87, 88 However, through more 

careful examinations and under the right experimental conditions, I found that excimer 

laser ablation of a variety of materials, including Al, Mg, Zn, Ag, Pt, Si, Fe-Ni alloy, 

TiO2, and Nb2O5

81

, in water or aqueous solutions could produce hollow nanoparticles. In 

fact, the TEM images in some recent papers also indicate the existence of hollow 

particles produced by PLAL, for example, Fig. 5 in Ref.  and Fig. 7 in Ref. 89 

showing the products of pulsed laser ablation of Ti and Al2O3

81

 targets in water, 

respectively; although they were not noticed or mentioned in the reports. , 89 Hollow 

particles are attractive for many applications including drug delivery, as catalysts, and in 

rechargeable batteries.90 I have systemically studied the phenomenon of hollow particle 

formation by PLAL, and proposed that the hollow particles were formed on laser-

induced bubbles. The fact that lasers can produce bubbles in water, which is well known 

and has been widely studied for luminescence from collapsing bubbles,91, 92 was seldom 

considered in the PLAL experiments.3, 11 In this chapter, the experimental results of 

hollow particle generation by excimer laser ablation in liquid are described. A formation 

mechanism will be established in Chapter 5. 

3.2 PLAL of Permalloy: the Observation of Hollow Particles and 
Fullerene-like Assemblies 

3.2.1 Experiments 

The first observation of hollow particles produced by PLAL was during the study 

permalloy (Fe-Ni alloy). Permalloy is an important magnetic material with applications 

in catalysis,93 biomedicine94 and electronic devices.95 
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In the experiments, a permalloy disk (Kurt J. Lesker, Ni 81 wt%, Fe 19 wt%) was 

placed on the bottom of a rotating glass dish filled with 0.05 M SDS aqueous solution at 

5 mm below the solution surface. The laser frequency was 20 Hz, the fluence was 7 

J/cm2 and the irradiation times were between 20 min - 9 h. 

3.2.2 Results and Discussion 

 

Figure 3.1 Characterization of permalloy particles produced with ablation time of 
20 min: (a) SEM image of the particles; (b) SEM image of a typical particle 
aggregated by nanoparticles; (c,d) TEM images of the particles with hollow ones 
denoted by the arrows; (e) TEM image of a particle aggregated by nanoparticles 
and (f) the corresponding SAED pattern. 

1) Ablation for 20 min. Figure 3.1(a) shows a SEM image of the permalloy 

particles obtained with ablation time of 20 min. Most of the particles are spherical with a 

distribution in diameters from 300 nm - 1 µm. Some particles seem to be aggregated 

from nanoparticles (in the region indicated by the arrow). The high resolution SEM 

image of two such aggregates (denoted as particles A and B, respectively) is shown in 
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Figure 3.1(b). Examination of particles A and B indicates they are coalesced from 

nanoparticles with diameters of about 70 nm. A shell-like structure is apparently formed 

by a layer of nanoparticles as shown by the particle A. I propose that the mechanism 

leading to the formation of the shell-like structure is due to laser sintering. Specifically, 

particle B in Figure 3.1(b) has a double-featured surface topography with a smooth side 

and a rough side, respectively. This indicates a temperature gradient during the laser 

irradiation. The absorbed photon energy is thermalized and subsequently transferred to 

the particle as heat. Figures 3.1(c)-(e) show the TEM images of the particles. It should 

be noted that most of the nanoparticles are solid spheres, but it is interesting to observe 

that some nanoparticles have shell structures and are hollow inside. The shells around 

two nanoparticles in Figure 3.1(c) can be clearly seen as indicated by the black arrows. 

Figure 3.1(d) also shows two hollow spheres. The right one indicated by the arrow is 

very unique since four spherical cavities are involved. Figure 3.1(e) shows a spherical 

permalloy particle with diameter of about 300 nm which is densely populated by smaller 

nanoparticles. Moreover, there is an apparent contrast variation in the center of the 

particle, suggesting that there is a hollow space within the particle. The SAED of the 

whole particle is shown in Figure 3.1(f). The diffraction ring indicates that the particle is 

polycrystalline while the encapsulated nanoparticles are not oriented.  

Figure 3.2(a) shows the EDS pattern of the permalloy particles; both Fe and Ni 

elements were detected and the composition of Fe and Ni within the particles was close 

to that of the target. Oxygen was also identified in the spectrum, indicating that the 

particles were oxidized. No other elements, especially Na or C from the SDS, were 

detected. The composition of Fe and Ni is nearly unchanged when compared to the 

target. The permalloy particles were further studied by XRD. Figure 3.2(b) shows the 

XRD patterns of the target and particles. The target has a face-centered cubic (fcc) 

structure with a = 3.55 Å. The particles have the same structure, but a = 3.53 Å and an 

additional peak is observed at d = 2.10 Å, which belongs to NiO (JCPDS file No. 78-

0643). This is consistent with the XRD analytical results of permalloy nanoparticles 

fabricated by pulsed excimer laser ablation in liquid recently.96 However, study on 

surface oxidation of permalloy thin films showed that the oxide consisted of a NiO layer 

on an iron oxide layer.97 Thus, the chemical composition of the oxides in the permalloy 
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Figure 3.2 (a) EDS spectra, (b) XRD patterns and (c) Raman spectra of the 
permalloy particles and the target. 
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particles was further verified using Raman spectroscopy. Figure 3.2(c) shows the Raman 

spectra. Five peaks at 208, 327, 477, 564, and 690 cm-1, respectively, can be identified in 

the Raman spectrum of the particles. The first two peaks belong to α-Fe2O3
97,  the 477 

cm-1 peak relates to Ni2O3
98,  and the 564 cm-1 belongs to NiO.99 The peak at 690 cm-1 is 

a character of the first stage oxidation of Fe3O4
100.  Thus it can be seen that the 

permalloy nanoparticles contain complex oxides, although the XRD pattern mainly 

shows a NiO peak. 

 

Figure 3.3 SEM images of permalloy particles produced with ablation time of 4 h: 
(a) and (b) typical microparticles assembled from nanoparticles; (c) - (f) the surface 
morphologies of the assemblies. 

2) Ablation for 4 h. When the ablation time was increased to 4 h, I observed that 

some of the particles had assembled into fullerene-like hollow structures as shown in 

Figures 3.3(a) and (b). Figures 3.3(c)-(f) represent the high magnification of the surface 

morphology of the assemblies. Several features are identified:  

(i) Holes with diameters of about 1 µm are identified on their surfaces indicating the 

formation of hollow structures. A magnified hole is shown in Figure 3.3(c). 

Around the hole, the particles have totally coalesced together while the 

morphology of those far from the hole is being individually identified.  

(ii) The surface of each assembly is formed from closely packed particles with 

similar sizes (typically 400-600 nm). These particles are polyhedral, while some 
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local areas are constructed by parallel facets (the square areas in Figures 3.3(d) 

and (e)).  

The polyhedral structure of the assembled particles is the best confirmation of the 

surface sintering mechanism. The flat faces of particles are the planar facets according to 

the Wulff construction, which is formed by minimizing surface energy for a given 

volume and depicts the equilibrium shape of a bulk crystal.101 In the classic sintering 

model, spherical powders would adopt the shape of a tetrakaidecahedron determined by 

the Wulff construction.102 For a fcc structure, it is established by truncating 

symmetrically six vertices of a octahedron with six square {100} and eight hexagonal 

{111} facets at its surface.101 The hexagonal facets can be seen in Figure 3.3(d). These 

parallel facets build up a sequence of steps identified in Figures 3.3(d) and (e) by the 

arrows; the height of each step is up to 100 nm. The steps seem to be connected by 

sloped surfaces constructed from a series of ledges. Typical ledges with height of about 

10 nm can be observed in Figure 3.3(f). Such unique structure indicates that the {111} 

facets are laterally growing. One may expect that the further growth and overlapping of 

these facets would induce a smooth surface. To confirm this the ablation time was 

increased to 9 h and assembled particles within different sintering stages have been 

observed. 

 

Figure 3.4 (a) - (e) SEM images of assemblies showing a typical surface sintering 
process, (f) and (g) magnified images of the assemblies in (a), (h) magnified images 
of the assemblies in (c). 



 

22 
 

Figures 3.4(a)-(e) exhibit five typical assemblies. In the initial stage of the laser 

sintering (Figures 3.4(a), (b), and (g) which is a magnified surface image), the inter-

particle necking growth was achieved by the repeated pulsing of the laser. In the 

intermediate stage (Figure 3.4(c) and the magnified surface shown in 3.4(f)), the {111} 

facets laterally grow and additional sintering occurs. Finally, spherical particles with 

shell-like structures were formed (Figures 3.4(d) and (e)).  

The thermal diffusion length could be estimated using data of bulk Ni. The thermal 

diffusion length lth 

l

due to laser heating is estimated by 

th

where α is the thermal diffusivity and τ stands for the pulse width (30 ns) of the laser, 

 = (ατ)1/2 ,     (1) 

α = k/ρcp

where k is thermal conductivity, ρ is the density and c

 ,     (2) 

p is specific heat capacity. Both k 

and cp depend on the temperature of the substance. Considering laser sintering, the 

temperature is assumed to be 0.7Tm (Tm -melting point of Ni), that is, 1208.2 K. At this 

temperature, cp
103 = 1021.42 J/kg-K and k = 64.97 W/m-K,  with ρNi 

104

= 8900 kg/m2, the 

thermal diffusion length can be calculated to be 463 nm. However, taking into account 

that the sintering occurs in a liquid environment, the large thermal conductivity and heat 

capacity of water on the particle surface will transfer a lot of heat from the particle to the 

liquid environment.  Thus, using the aforementioned bulk material properties for this 

approximation, the effective laser sintering should only be confined at the particle 

surface due to the competition of photothermal and quenching effects in the liquid. 

3) Ablation of 9 h. It is important to note that although increasing the ablation time 

to 9 hours could induce complete sintering of some assemblies, the main products were 

small nanoparticles. Figure 3.5(a) shows the SEM image of the products. Although the 

products contained a number of assemblies as indicated by the arrows, the majority are 

nanoparticles as shown in Figure 3.5(b). TEM analysis shows that the diameters of the 

NPs are about 40-60 nm as shown in Figure 3.5(c). The corresponding SAED patterns of 

several particles can be calculated and indexed to the (111), (200), (220) and (311) 

planes with a fcc structure. 
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Figure 3.5 (a) SEM image of permalloy particles produced with ablation time of 9 
h, the arrows indicates microparticles assembled from nanoparticles, (b) SEM 
image of small nanoparticles, (c) TEM image of the nanoparticles and (d) the 
corresponding SAED pattern. 

The formation of these nanoparticles is mainly due to the laser fragmentation, which 

is active during laser ablation in liquid. The fragmentation is probably due to charging of 

the parent particles under laser irradiation and explosive breaking up after accumulating 

sufficient charge through the photoelectron emission.105 The Fe and Ni work function is 

4.5 and 5.2 eV, respectively. Under the 5 eV excimer laser irradiation, photoemission of 

electrons could occur due to monophonic or multiphoton ionization. But when the 

ablation time is not so long, the particle concentration in the liquid is low, resulting in a 

low possibility of laser-particle interactions. When the particle concentration increases 

with the ablation time, the light absorption and scattering by the particles also increases 

and the particles are fragmentized into smaller particles. Since smaller particles have 

higher surface-to-volume ratio, the light absorption and scattering will be enhanced and 

eventually laser fragmentation of the particles rather than laser ablation of the target 

dominates the energy consumption. An estimate can be made here. Assume the amount 

of permalloy particles in the liquid achieves 1 mg and the diameters of the particles are 

500 nm. The total cross-sectional area of the particles within the path of a 1 mm2 laser 

beam in the liquid is 0.17 mm2, thus most light could still reach the target. But if the 

diameters of the particles reduce to 50 nm, the total cross-sectional area of the particles 

within the beam path would be 1.7 mm2, resulting in strong light absorption and 
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scattering and thus laser fragmentation. However, the laser induced assembly and 

sintering still existed for the nanoparticles, which built a dynamic competition with the 

fragmentation. In Figure 3.6(a) a cracked aggregate is shown. The inside nanoparticles 

with sizes equal to those of the dispersed nanoparticles can be clearly observed, but the 

nanoparticles are packaged by a shell due to the surface sintering. The sintering can be 

also seen in the particles A and B shown in Figure 3.6(b). The pits on them should be the 

pores before the complete sintering of adjacent surface nanoparticles. The holes or pits 

on the surface will cause stress concentration during the fragmentation, promoting crack 

initiation and propagation. These phenomena can be seen in Figures 3.6(c) and (d), in 

which cracks propagate along holes on the particle surfaces. 

 

Figure 3.6 SEM images of permalloy particles with ablation time of 9 h, (a) a 
cracked nanoparticle in which small nanoparticles are exhibited, (b) nanoparticles 
with different surface morphologies, (c) cracked hollow nanoparticles; (d) cracked 
microparticles. 

4) Mechanism of Assembly. The assembly is proposed to be assisted by the laser 

induced bubbles in the liquid. The bubbles came from laser induced cavitation at the 

solid-liquid interface.92 One hypothesis is that the hollow particles shown in Figure 

3.1(d) were just formed on the bubbles. The bubble interfaces could serve as soft 

templates for assembly. It is noticed that the fullerene-like hollow assembly generally 

has a hole on the surface and around the hole the nanoparticles have almost coalesced 

together. Several mechanisms could be proposed for the formation of such holes. First, 
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the hole may be caused by a shock wave, emanating from the collapse of the template 

bubble. Second, the hole may be formed as a result of the laser ablation of the assembly 

situated at the most intense regions near the focus of laser beam. However, considering 

that the size of the hole is much smaller than the laser focal spot, this reason is less 

possible. Third, the hole may be due to local explosion when the assembly is strongly 

charged, namely, a process similar to the laser fragmentation. One may wonder that 

whether the assembly could be induced by magnetic interactions, since permalloy is a 

ferromagnetic material and the nanoparticles should have interparticle magnetostatic 

interactions. However, both numerical and experimental investigations have shown that 

permalloy nanospheres would form a chain-of-sphere structure in favor of lower system 

energy.95, 106 Nevertheless, the structural order of the final aggregates also indicates a 

magnetic order, thus further investigation of the synergistic effects of the aggregates 

would be an interesting topic. 

In summary, permalloy particles with novel geometries were fabricated by pulsed 

excimer laser ablation of a permalloy target in SDS aqueous solution. During the 

ablation process, particles with different morphologies and sizes were obtained due to 

the laser-induced assembly, sintering and fragmentation of the nanoparticles. The laser 

induced surface sintering results from the competition between photothermal and the 

quenching effects in liquid. Unique fullerene-like hollow microparticles assembled from 

permalloy particles with diameters of 400-600 nm have been observed in the process. 

The laser-induced bubbles are assumed to serve as soft templates for the formation of 

hollow structures. Intrigued by the observation of hollow particles in the permalloy 

products, PLAL of other materials have been also studied and will be shown in the 

following sections. 

3.3 PLAL of Pt: Three Kinds of Hollow Pt Particles 

3.3.1 Experiments 

A platinum metal plate was placed in a rotating glass beaker under 4 mm of distilled 

water. Laser fluences of 2.3, 3.6 and 6.8 J/cm2 were used by adjusting the laser energy. 

The laser frequency was 20 Hz. A sample was also prepared in 0.05 M aqueous solution 

of SDS with laser fluence of 2.3 J/cm2 for comparison. The ablation time was 10 min for 
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each experiment. One more sample was prepared in water with laser fluence of 6.8 J/cm2 

and extended ablation time of 1 hour to investigate the oxidation of Pt nanoparticles. 

3.3.2 Results and Discussion 

 

Figure 3.7 TEM image of Pt nanoparticles fabricated by laser ablation in water 
with fluence of 3.6 J/cm2: (a) and (b) general views, (c) a typical hollow Pt sphere 
assembled from smaller nanoparticles and (d) the SAED pattern of the hollow 
sphere. 

1) PLA in water with different laser fluences. Figures 3.7(a) and (b) show the 

typical TEM images of nanoparticles fabricated by pulsed excimer laser ablation 

(fluence: 3.6 J/cm2) of the Pt target in water. Besides isolated nanoparticles with sizes 

from several nanometers to about 300 nm, which were generally obtained by this 

technique,37 spheres aggregated from small nanocrystals have also been observed as 

indicated by the arrows. The contrast variations in the center of the particles indicate 

they are hollow. Figure 3.7(c) shows a typical hollow sphere with diameter of about 200 

nm. This sphere was aggregated from small nanocrystals with diameters less than 10 nm. 

The corresponding SAED pattern in Figure 3.7(d) indicates that the nanocrystals are Pt 

metals with face-centered-cubic structure and the hollow sphere is polycrystalline. This 

kind of hollow spheres is similar to the chemically synthesized hollow Pt spheres that 

are porous and aggregated from nanoparticles.107 Moreover, I observed another kind of 

hollow Pt spheres as shown in Figures 3.8(a) and (b). They have similar diameters to the 



 

27 
 

porous hollow spheres, but with smooth and closed shells. Such hollow spheres were 

seldom observed before.90 Recently, single-particle study on hollow CdS nanoparticle 

consist of nanograins showed ultrahigh stress and strain.108 The hollow nanoparticles 

with smooth and continuous shells could provide useful samples for such study. 

 

Figure 3.8 TEM images of hollow Pt nanospheres with smooth shells fabricated by 
laser ablation with (a) and (b) laser fluence of 3.6 J/cm2, (c) and (d) laser fluence of 
6.8 J/cm2. 

Intrigued by the hollow Pt spheres, I also prepared other samples with the same 

procedure, but by varying the laser fluence. Figures 3.8(c) and (d) show the Pt 

nanoparticles fabricated with a laser fluence of 6.8 J/cm2. Hollow Pt particles with 

smooth shells can be still observed in the products as indicated by the arrows, but hollow 

spheres aggregated from small nanocrystals could not be found. It can be also observed 

that some nanoparticles were joined together as indicated by the arrow in Figure 3.8(d). 

This phenomenon indicates that the laser-particle interactions are stronger at the fluence 

of 6.8 J/cm2. 

The laser fluence was then decreased to 2.3 J/cm2, and the SEM images of the 

products are shown in Figure 3.9. At this fluence, nanoparticles could not be obtained. 

Instead, large irregular particles became the dominant products as shown in Figure 

3.9(a). However, Pt microspheres with diameters of 15-20 μm can be observed in the 

products as magnified in the insets of Figure 3.9(a). The microsphere in the left inset was  
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Figure 3.9 SEM images of Pt particles prepared in water with laser fluence of 2.3 
J/cm2: (a) a general view with two microspheres magnified in the insets, (b) a 
hollow microsphere, (c) and (d) two oval-shaped hollow particles with the EDS 
spectrum of the latter one shown in (e). 
aggregated by irregular grains and decorated by some spheres, which should be from 

ejected molten drops. The one in the right inset is relatively smooth, but has some 

stream-like streaks on the surface, perhaps indicating it was quenched from the melt. 

Moreover, the hole on the surface reveals a hollow structure. While the left microsphere 

does not have a large hole to exhibit its internal structure (although some small pores 

between the grains can be observed), a similar but apparently hollow microsphere 

coalesced from sheets is shown in Figure 3.9(b). Besides spheres, oval-shaped hollow 

microparticles could be also observed in the products. Figure 3.9(c) shows such a 

particle that was assembled by submicron/micrograins, and also decorated by some 

spheres. Figure 3.9(d) shows another oval-shaped hollow microparticle. Grains can be 

still seen on the left part of the shell, but not on the right part. The EDS spectrum of the 

particle is shown in Figure 3.9(e), only platinum can be detected. Formation of oval-
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shaped hollow particles by PLAL is quite surprising in that it has never produced well-

defined non-spherical shapes except fractal structures.11 

2) PLA in SDS solution. The large irregular particles obtained at the laser fluence 

of 2.3 J/cm2 are not desirable products. I found that by using an aqueous solution of 

SDS, these irregular particles can be almost eliminated. Figure 3.10(a) shows the SEM 

image of Pt particles obtained in 0.05 M aqueous solution of SDS at the same laser 

fluence. Only spheres can be observed. Figures 3.10(b)-(d) show magnified images of 

cracked particles that are apparently hollow. All these particles have smooth surfaces. 

The hole on the particle in Figure 3.10(b) is possibly due to explosive breaking up from 

laser-particle interactions. Coalesced sheets can be clearly identified on the particle 

shown in Figure 3.10(c). The oval-shaped hollow particles could not be observed in the 

products fabricated in the aqueous solution of SDS. 

 

Figure 3.10 SEM images of Pt particles prepared in 0.05 M aqueous solution of SDS 
with laser fluence of 2.3 J/cm2: (a) a general view, (b)-(d) magnified images of 
hollow particles. 

3) Surface analysis. Figure 3.11 shows the XPS spectra of the Pt particles. The 

spectra (a) and (b) show Pt 4f region for the particles prepared with laser fluence of 2.3 

J/cm2 in water and in the aqueous solution of SDS, respectively. Both of spectra exhibit 

two peaks centered at 69.8 eV and 73.1 eV, relating to the binding energies of electrons 

at the Pt 4f7/2 and Pt 4f5/2
109 core levels, respectively.  The peaks are symmetric, but shift  
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Figure 3.11 XPS spectra of Pt 4f region for the particles fabricated by laser ablation 
with various conditions: (a) 2.3 J/cm2 in water for 10 min, (b) 2.3 J/cm2 in 0.05 M 
aqueous solution of SDS for 10 min, (c) 3.6 J/cm2 in water for 10 min, (d) 6.8 J/cm2 
in water for 10 min and (e) 6.8 J/cm2 in water for 1 hour. 
to lower binding energies for about 0.6 eV compared with literature value for Pt 

nanoparticles.109, 110 The spectra (c) and (d) are from the Pt particles prepared with laser 

fluence of 3.6 J/cm2 and 6.8 J/cm2, respectivley. Although the two peaks also appear, 

they become slightly asymmetric and the intensity of Pt 4f5/2 core level becomes 

stronger, even exceeds that of Pt 4f7/2 

37

core level, with the increasing fluence. It is 

reported that the asymmetric peaks indicate a weak oxidation of surface of Pt particles in 

the form of Pt1+ and/or Pt2+ states. , 111 More careful observation for spectrum (d) 

reveals that there is a small shoulder located at about 76 eV. To reveal the origin of the 

shoulder and the increasing of intensity, I extended the ablation time to 1 hour. The 

shoulder becomes a stronger peak at 76.3 eV as shown in spectrum (e). Meanwhile, the 

intensity of the peak at 73.1 eV becomes much stronger than that at 69.8 eV. It is worth 

noting that the energy shift of the peak at 76.3 eV from the Pt 4f5/2 core level is 3.2 eV, 

which is almost the same as the energy difference between Pt 4f5/2 core level and Pt 4f7/2 

core level. Thus, a similar energy shift from the Pt 4f7/2 core level will result in a peak 

overlapping the peak at 73.1 eV and increasing its intensity. It is reported that the energy 

shift is 2.6 eV from Pt 4f5/2 core level because of the formation of Pt2+ state and 3.4 eV 
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due to the formation of Pt4+ state.111 Based on these data, it is inferred that part of the Pt 

surface was further oxidized into Pt4+ state with the extended ablation time.37, 111 The 

XPS analysis shows that the particles obtained at 2.3 J/cm2 were nearly pure Pt, and the 

surface of particles obatined at 3.6 J/cm2 and 6.8 J/cm2 were only weakly oxidized. 

Higher laser fluence and longer ablation time increase the possibility of surface 

oxidation.  

The formation of hollow Pt particles could be also explained considering laser-

induced bubbles. Based on the morphology of Pt particles obtained at different laser 

fluences, it is considered that at fluence of 2.3 J/cm2, the ablation mainly results in 

ejection of molten drops; at fluence of 3.6 J/cm2, ejection of molten drops and thermal 

vaporization dominate the irradiated area while a plasma can also occur; at fluence of 6.8 

J/cm2, the target is mainly ablated as an expanding plasma plume.11, 37 The condensation 

of a plasma plume provides high atomic density, resulting in larger Pt nanoparticles, 

while the small Pt nanocrystals (<10 nm) should be from vaporized atoms by nucleation 

and growth processes. The laser-induced bubbles provide soft templates for the 

formation of hollow particles by trapping the molten drops nanoparticles and 

nanoparticles. A question may arise that why oval-shaped hollow microparticles were 

formed. Research on laser-induced bubbles in water has shown that a bubble near a rigid 

boundary showed aspherical shape before it collapsed.91 Since the Pt target is just a rigid 

boundary, such bubble could provide a chance to form aspherical hollow particles. 

In summary, micro-/nanoparticles have been fabricated by pulsed excimer laser 

ablation of a Pt target in liquid. Depending on the laser fluence, different kinds of hollow 

Pt structures were obtained that could be coalesced by micrograins, assembled by 

nanocrystals, or with smooth shells. These hollow structures are also considered to form 

on laser-produced bubbles in water. In the laser-produced permalloy and Pt particles, 

only a small proportion are hollow. However, my further study shows that PLAL of Al 

and Mg could produce a much larger amount of hollow particles, indicating a 

relationship between hollow particle formation and the properties of target material.  
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3.4 PLAL of Al: Formation of Hollow Al2O3

3.4.1 Experiments 

 Particles 

A solid Al target (99.999% pure) was attached to the bottom of a rotating glass petri 

dish filled with distilled water; the distance from the target to the water meniscus was 4 

mm. The laser fluence was 2.3 J/cm2 with frequency of 10 Hz. The ablation lasted for 5 

min. I also performed the experiments using water-ethanol mixture with various laser 

fluences and frequencies, which will be specified in the text.  

3.4.2 Results and Discussion 

 

Figure 3.12 Characterization of the laser ablated products from the Al target: (a) 
SEM image of the particles, (b) EDS patterns and (c) XRD patterns of the target 
and particles, (d) FT-IR spectrum of the particles. 

1) PLA in water. Figure 3.12(a) shows the SEM image of the as-prepared particles 

obtained by pulsed excimer laser ablation of the Al target in water. Hollow spheres can 

be observed as indicated by the broken shells shown in the inset. EDS analysis of the 

particles reveals both aluminium and oxygen, in a ratio indicating the formation of 

Al2O3 (Figure 3.12(b)). EDS pattern of the target is also shown in Figure 3.12(b), which 

only shows the peak from aluminum. The structure of the products was studied by XRD. 
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As shown in Figure 3.12(c), no observable peak from the particles can be identified in 

the XRD pattern, indicating that the particles are amorphous. The broad peak around 24° 

was from the glass substrate used to hold the particles. I also measured the FT-IR 

spectrum of the particles. As shown in Figure 3.12(d), the spectrum has a broad band at 

804 cm-1, which can be assigned to the Al-O vibration of (AlO4) and features amorphous 

Al2O3
112.  The band at 3434 cm-1 comes from the stretching mode of hydroxyl groups, 

while the 1624 cm-1 band is due to the bending mode of water molecules.112 The 

generation of Al2O3

 

 should be due to the reaction of laser produced Al species with 

water or soluble oxygen. 

Figure 3.13 (a) TEM image of the as-prepared particles, (b) TEM image of the shell 
of a hollow sphere and the inset shows the corresponding SAED pattern, (c) typical 
SAED pattern of a hollow particle with weak crystallization, (d) size distributions 
of the Al2O3

Figure 3.13(a) shows the TEM image of the particles. A mixture of hollow spheres 

and solid spheres can be observed. The shell of a typical hollow sphere is shown in 

Figure 3.13(b). It is smooth and continuous with thickness of about 60 nm. This is much 

different from the chemically synthesized hollow spheres, which are generally porous 

and formed from aggregated smaller nanoparticles.

 particles and the hollow ones in them (left vertical axis), and the 
proportion of hollow particles within each size range (right vertical axis). 

90 The inset of Figure 3.13(b) shows 
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the SAED pattern of the shell, with the halo rings indicating an amorphous structure. 

However, weak diffraction spots can be observed in the SAED patterns of some hollow 

particles possessing weak crystallization. Figure 3.13(c) shows such a SAED pattern 

with the weak diffraction spots pointed out by the arrows. The spots can be indexed to 

the (400) and (440) planes of a γ-Al2O3 structure with Fd-3m space group. The 

amorphous structure of the Al2O3

113

 is due to the rapid quenching in water. Many oxide 

compounds form amorphous structures under cooling rates as fast as 10 K/s in air,  and 

laser ablation in liquid provides an even greater heat exchange environment to preserve 

such metastable phases. Amorphous Al2O3 has four-oxygen coordinated Al ion similar 

to that of γ-Al2O3, and 

 

can be transformed into the γ phase by thermal annealing. Figure 

3.13(d) shows the size distributions of all particles (solid and hollow ones) and the 

hollow particles in them. The square symbols show the proportion of the hollow 

particles in all the particles in each size range. The proportion by number increases with 

increasing particle size, revealing that larger particles are more likely to be hollow. 

Figure 3.14 (a) TEM image of an oval-shaped hollow particle, (b) TEM image of an 
aspherical particle with a protrusion, (c) TEM image of a hollow particle with 
double cavities, (d) SEM image of a broken hollow sphere with a new thin layer 
grown on the hole. 

Some special hollow particles can be also observed in the products as shown in 

Figure 3.14. Figure 3.14(a) shows a non-spherical hollow microparticle, which is similar 
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to the oval-shaped Pt hollow particles in Figures 3.9(c) and (d). Figure 3.14(b) exhibits 

an Al2O3

 

 hollow particle with a protrusion. Figure 3.14(c) shows a hollow sphere with 

double cavities, which is similar to the hollow permalloy particle with multi-cavities in 

Figure 3.1(d). Figure 3.14(d) shows the SEM image of a broken hollow sphere. A thin 

layer has formed on the broken hole. 

Figure 3.15 SEM images of the Al target surface (a) before laser ablation, (b) after 
a single laser pulse ablation on the target in water, (c) after a single laser pulse 
ablation on the target in air. 

To reveal the formation mechanism of hollow spheres, I examined the surface 

morphology of the target after laser ablation. Figure 3.15(a) shows the SEM image of the 

target surface before the ablation, it is smooth. Then I shot a single laser pulse on the 

target in water, and found that the surface became porous and contained hollow 

structures as shown in Figure 3.15(b). For comparison, I also shot a single laser pulse on 

the target in air. The SEM image of the surface after shooting is shown in Figure 3.15(c), 

no pores can be observed. Thus, I infer that the water on the target surface played an 

important role for the formation of the porous structures during the laser ablation. The 

porous structures are likely due to cavitation damage from the interaction of laser-

induced bubbles with the target surface. Research has shown that cavitation bubbles 

could pierce similar holes into the surface of bulk Al.114 

Because our KrF excimer laser is not equipped with CCD camera, I performed the 

ablation experiment by using an ArF excimer laser system and recorded the ablation 

process. The wavelength of the laser is 193 nm, frequency is also 10 Hz, and fluence is 

about 5 J/cm2. Figure 3.16 shows a frame of the video which confirms that bubbles could 

be created on the target surface near the focal spot. At the bottom of Figure 3.16, the life 

of a bubble is shown in a sequence of images. The size of the bubble is about 16 µm 
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with a lifetime of ~ 0.2 s. Considering that the bubble may drift away from the focal 

plane of the camera, the lifetime may be even longer. 

 

Figure 3.16 Optical image of bubbles created by laser pulses on the surface of Al 
target immersed in water. The frame size is 474 µm × 352 µm. Below the frame, the 
life of a bubble is shown in a sequence of images. 

 

Figure 3.17 (a) SEM image and (b) TEM image of the particles produced in water-
ethanol mixture (Vwater: Vethanol = 3:1), the inset of (a) is the EDS pattern, (c) TEM 
image of a hollow sphere and (d) the corresponding SAED pattern. 
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Figure 3.18 (a) size distributions of the hollow particles produced in liquid with 
different conditions: 1. Water, laser fluence of 2.3 J/cm2, frequency of 10 Hz; 2. 
Vwater: Vethanol = 3:1, 2.3 J/cm2, 10 Hz; 3. Vwater: Vethanol = 1:1, 2.3 J/cm2, 10 Hz; 4. 
Vwater: Vethanol = 3:1, 2.3 J/cm2, 20 Hz; and 5. Vwater: Vethanol

2) PLA in water-ethanol mixture. Although hollow Al

 = 3:1, 4.6 J/cm2, 10 Hz. 
(b) the proportion of hollow particles within each size range. 

2O3 can be fabricated by 

laser ablation in water, only a small proportion of the products are hollow. Thus, 

increasing the proportion of hollow spheres appears as a challenge. One idea is to 

increase the generation of bubbles during the laser ablation. I found that laser could 

produce a large amount of bubbles in ethanol. However, no particles could be obtained 

maybe because that the laser energy was almost consumed by producing bubbles or too 

much bubbles screened the laser beam. Then I used water-ethanol mixture and found 



 

38 
 

that the proportion of hollow spheres could be largely increased. Figures 3.17(a) and (b) 

show the SEM and TEM images of particles fabricated by the KrF excimer laser ablation 

of Al in water-ethanol mixture (Vwater: Vethanol = 3:1), respectively. The laser fluence was 

still 2.3 J/cm2 and frequency was 10 Hz. The TEM image shows that majority of the 

products are hollow spheres. EDS analysis revealed that the particles were still oxidized. 

However, SAED analysis indicated that Al nanocrystals or nanoclusters existed in the 

particles. Figure 3.17(c) shows the TEM image of a hollow sphere, small nanoparticles 

can be observed in the shell, indicating the trapping ability of the bubble interface. 

Figure 3.17(d) is the corresponding SAED pattern. The rings are from cubic Al with Fm-

3m space group, indicating that the ethanol, even in a small proportion, could prevent the 

oxidation of laser-porduced Al nanoclusters. Figure 3.18(a) shows the size distributions 

of the hollow particles produced in water-ethanol mixtures with different conditions, 

data of hollow particles produced in water are also shown here for comparasion: 1. 

Water, laser fluence of 2.3 J/cm2, frequency of 10 Hz; 2. Vwater: Vethanol = 3:1, 2.3 J/cm2, 

10 Hz; 3. Vwater: Vethanol = 1:1, 2.3 J/cm2, 10 Hz; 4. Vwater: Vethanol = 3:1, 2.3 J/cm2, 20 

Hz; and 5. Vwater: Vethanol

3) Structural evolution upon post-annealing. Al

 = 3:1, 4.6 J/cm2, 10 Hz. The proportion is based on all particles 

including solid ones. Figure 3.18(b) shows the the proportion of hollow particles in each 

size range. The figure shows that for particles with sizes smaller than 600 nm, in which 

most particles exist, water-ethanol mixture will largely increase the proportion of hollow 

particles, and for all the products, the proportion generally increases with increasing 

particle size. 

2O3

115

 is an important ceramic 

material with numerous industrial applications. , 116 However, the excimer laser 

produced Al2O3
117 was almost amorphous due to the thermal quenching in liquid.  It is 

known that crystalline Al2O3, such as γ-Al2O3 and α-Al2O3, can be generated by 

thermal annealing of amorphous Al2O3. It is expected that the amorphous Al2O3 could 

transform into γ-Al2O3 by annealing while maintaining the shell structures, thus the 

microstructural evolution of amorphous hollow Al2O3 particles upon thermal annealing 

has been studied. 
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The sample used for annealing study was prepared by PLA in water-ethanol mixture 

(Vwater: Vethanol

 

 = 3:1) with laser fluence of 5.9 J/cm2 and ablation time of 30 min. Some 

products were then annealed at 800°C or 1100°C in air for 2 hrs, respectively. 

Figure 3.19 SEM images of the as-prepared products: (a) a general view, (b) typical 
particles with higher magnification, (c) and (d) hollow particles containing smaller 
particles. 

 

Figure 3.20 SEM images of (a) and (b) particles annealed at 800°C, and (c, d) 
particles annealed at 1100°C. The arrow in (c) indicates the necking of adjacent 
particles. 
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Figure 3.19(a) shows a typical SEM image of the as-prepared sample. Hollow 

spheres with diameters ranging from handreds of nanometers to 1-2 micrometers can be 

observed. Figure 3.19(b) shows several typical particles, which have spherical and 

smooth surfaces. The broken shell of the microparticle exhibits its hollow structure. It is 

interesting that some hollow particles contain smaller particles as those shown in Figures 

3.19(c) and (d). The hollow particle in Figure 3.19(d) seems to have a closed shell, but 

still contains three smaller particles. Figures 3.20(a, b) and (c, d) show the SEM images 

of particles annealed at 800°C and 1100°C, respectively. Annealing of the hollow Al2O3

 

 

particles at 800°C does not cause apparent morphology change of the particles as shown 

in Figures 3.20(a) and (b). Annealing at 1100°C induces joining of adjacent particles as 

indicated by the arrow in Figure 3.20(c), but hollow particles could be still observed as 

shown in Figure 3.20(d). 

Figure 3.21 XRD patterns of (a) the as-prepared particles, (b) particles annealed at 
800°C, and (c) particles annealed at 1100°C. 

The phase transition upon the annealing was characterized by XRD. Figure 3.21 

shows the XRD patterns of the as-prepared and annealed samples on single crystal 

silicon wafers. The as-prepared sample has amorphous structure and no diffraction peaks 

can be observed in pattern (a). After annealing at 800 °C, two peaks appear in pattern 

(b), which can be indexed into γ-Al2O3 (JCPDS card No. 10-0425). After annealing at 
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1100 °C, more peaks show up in pattern (c), which can be indexed into γ-Al2O3, θ-

Al2O3 (JCPDS card No. 35-0121) and α-Al2O3

 

 (JCPDS card No. 46-1212).  

Figure 3.22 TEM images and SEAD patterns of (a1-3) as-prepared particles, (b1-3) 
particles annealed at 800°C, and (c1-3) particles annealed at 1100°C, in which the 
parts (1) are the general view of the samples, parts (2) are magnified images of 
typical hollow particles and parts (3) are the corresponding SAED patterns. 

The microstructural evolution of the samples was further investigated by TEM and 

SAED. Figure 3.22 shows the TEM images and SEAD patterns of typical particles in 

samples A-C. Figures 3.22(a1) and (a2) show that most of the as-prepared particles are 

hollow with smooth and continuous shells. The particle shown in Figure 3.22(a2) has 

amorphous structure as indicated by the halo rings of the SAED pattern shown in Figure 

3.22(a3). In the previous study, some particles prepared in ethanol/water mixture may 

contain unoxidized Al (Figure 3.17), but the experiment herein used higher laser fluence 

and longer ablation time that effectively generated Al2O3. Annealing at 800°C could 
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induce crystallization of the amorphous Al2O3. Nanograins nucleate in the shells, but the 

hollow structures are maintained as shown in Figures 3.22(b1) and (b2). The SAED 

pattern in Figure 3.22(b3) indicates that the nanograins are γ-Al2O3 and the shell is 

polycrystalline. Annealed at 1100°C could induce joining of adjacent particles, but the 

hollow structures still exist as shown in Figures 3.22(c1) and (c2). The structure of some 

nanograins further evolves into θ-Al2O3 and α-Al2O3 as indicated by the SAED pattern 

in Fig 3.22(c3). The results on the structural evolution show that post-annealing at 800°C 

for 2 hrs of the excimer laser-produced particles can generate dispersed hollow γ-Al2O3

In summary, hollow Al

 

particles with well-defined shell structures, which are good candidates for catalytic and 

other applications. 

2O3 particles have been fabricated by excimer laser ablation 

of bulk Al in water. Adding ethanol into the water can improve the fabrication of hollow 

particles. The proportion of hollow particles in the products increases with increasing 

particle size. The laser-produced hollow particles are almost amorphous. The amorphous 

structure can crystallize into γ-Al2O3 nanograins in the shells by thermal annealing at 

800°C for 2 hrs, and the shell structures are maintained. Annealing at 1100°C for 2 hrs 

may cause necking of adjacent particles, and the microstructure further evolves into θ-

Al2O3 and α-Al2O

3.5 PLAL of Mg: Formation of Hollow MgO Particles 

3. 

3.5.1 Experiments 

A Mg target (99.95%) was placed on the bottom of a rotating glass dish filled with 4 

mm depth of liquid. The laser frequency was set to 10 Hz. The liquid media, laser 

fluences and ablations times for different experiments are summarized in Table 3.1. 

Table 3.1 Experimental parameters and morphologies of products.a) 

Liquid  Concentration 

(M) 

Laser fluence 

(J/cm2) 

Ablation time 

(min) 

Morphology of 

products 

water N/A 3.2 10 LNs & HPs 

7.5 0.5, 1b), 5, 10, 

20 

LNs & HPs 
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15.0 10 LNs & HPs 

20 Irregular particles 

Water 

/SDS 

0.025 7.5 10 HPs 

0.05  7.5 10 HPs 

Water 

/SC 

0.025 7.5 10 HPs 

0.05 7.5 10 HPs 

a)Abbreviations: sodium citrate (SC), lamellar nanostructures (LNs), hollow particles 

(HPs). 
b)Note: Before this experiment, the water was bubbled with N2

3.5.2 Results and Discussion 

 gas for 20 min to remove 

the soluble oxygen. 

 

Figure 3.23 XRD patterns of typical samples produced by excimer laser ablation of 
Mg in liquid media with different laser fluences and ablation times: (a) water, 7.5 
J/cm2, 10 min; (b) water, 7.5 J/cm2, 20 min; (c) water, 15.0 J/cm2, 10 min; (d) water, 
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15.0 J/cm2, 20 min; (e) aqueous solution of 0.025 M SDS, 7.5 J/cm2, 10 min; (f) 
aqueous solution of 0.05 M SC, 7.5 J/cm2, 10 min. 

The structure of the products fabricated by excimer laser ablation of Mg under 

different experimental conditions were identified by XRD. Figure 3.23(a-d) shows the 

XRD patterns of typical products fabricated in water. With a laser fluence of 7.5 J/cm2 

and ablation time of 10 min, the products have both MgO (JCPDS File No. 1-1235) and 

brucite Mg(OH)2 (JCPDS file No. 44-1482) as revealed by the XRD pattern of Figure 

3.23(a). In particular, the (001) peak of Mg(OH)2 is the broadest of the Bragg diffraction 

peaks, indicating that the crystallite dimensions of Mg(OH)2

61

 along the crystallographic 

c-axis are restricted.  The MgO and Mg(OH)2 still co-exist by either doubling the 

ablation time from 10 minutes or doubling the laser fluence from 7.5 J/cm2 as indicated 

by the patterns (b) and (c) in Figure 3.23. However, when both the ablation time and 

laser fluence are doubled, the intensities of peaks from Mg(OH)2, especially the (001) 

peak, are weakened compared to those from MgO as shown in Figure 3.23(d), indicating 

that the increased laser fluence and ablation time may partially decompose the 

Mg(OH)2. Figure 3.23(e) and (f) shows the XRD pattern of products fabricated in 

aqueous solution of 0.025 M SDS and 0.05 M SC, respectively, and the laser fluence is 

7.5 J/cm2 and ablation time is 10 min. Compared with the XRD pattern of products made 

in water (Figure 3.23(a)), the peaks from Mg(OH)2 nearly disappear, indicating that the 

ionic surfactants could prevent the formation of Mg(OH)2

The morphologies of products were characterized by SEM and TEM. Figure 3.24 

shows the SEM images of products prepared in water with laser fluence of 7.5 J/cm2 and 

different ablation times: (a) and (b) 30 s, (c) 1 min, (d) 5 min, (e) 10 min, (f) 20 min. In 

all samples, two kinds of morphologies can be observed. One is the nearly spherical 

particles with diameters of several hundred nanometers, as pointed out by the arrows in 

Figure 3.24. A typical particle is shown in the upper inset of Figure 3.24(e) with a 

cracked shell indicating a hollow structure. The other typical morphology is the lamellar 

nanostructure, as shown in Figure 3.23(b) with higher magnification. The thicknesses of 

the lamellar nanostructures are less than 30 nm. That may be the origin of the broad 

(001) peak from Mg(OH)

. 

2 in the XRD patterns of Figure 3.23(a, b). The inset of Figure 

3.24(c) shows the EDS pattern of the corresponding sample, in which only peaks from 

Mg and O appear. TEM images of products prepared with ablation time of 1 min are 
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shown in Figures 3.25(a) and (b), and those of 10 min are shown in Figures 3.25(c) and 

(d). The two-dimensional morphologies of lamellar nanostructures could be observed in 

Figure 3.25(b). Moreover, Figures 3.25(a) and (c) reveal that nearly all the particles are 

hollow. Detailed observation shows that although the particles have relatively smooth 

surface, the shells are assembled from nanoparticles as shown in the magnified image of 

Figure 3.25(d). 

 

Figure 3.24 SEM images of products fabricated in water with laser fluence of 7.5 
J/cm2 and different ablation times: (a) and (b) 30 s, (c) 1 min, (d) 5 min, (e) 10 min, 
(f) 20 min. The insets of (e) show the EDS pattern of the sample and a typical HP. 

The hollow particles could form at different laser fluences, but the hollow structures 

tend be destroyed upon increasing the laser fluence and ablation time. Figure 3.26(a) 

shows the TEM image of products fabricated with laser fluence of 3.2 J/cm2 and ablation 

time of 10 min. Hollow particles and lamellar nanostructures could be observed. A 
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typical hollow particle is shown in Figure 3.26(b) and it appears to be also assembled 

from nanoparticles. The corresponding SAED pattern shown in the inset can be indexed  

 

Figure 3.25 TEM images of products fabricated in water with laser fluence of 7.5 
J/cm2 and ablation time of (a) and (b) 1 min, (c) and (d) 10 min. 

 

Figure 3.26 (a) and (b) TEM images of products fabricated in water with laser 
fluence of 3.2 J/cm2 and ablation time of 10 min. The inset of (b) shows the 
coresponding SAED pattern. And SEM images of products fabricated in water with 
laser fluence of 15.0 J/cm2 and ablation time of (c) 10 min and (d) 20 min. 
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according to face-centered cubic structure of MgO. Figure 3.26(c) and (d) depicts the 

SEM image of products fabricated with a laser fluence of 15.0 J/cm2, but using different 

ablation times of 10 min and 20 min, repectively. Hollow particles and lamellar 

nanostructures could be identified in Figure 3.26(c), but their morphologies have been 

destroyed in Figure 3.26(d), which is consistent with the XRD pattern of Figure 3.23(d). 

During the laser ablation, the products are dispered in the liquid that are still under the 

irradiation of subsequent laser pulses. Therefore, a combination of proper laser fluence 

and abltion time is preferred to reduce the laser re-processing effect. Many of the laser 

fabricated hollow particles are cracked as observed in Figures 3.24-27, which are likely 

caused by the laser shock or ablation re-processing. Figures 3.24-27 also show that the 

hollow particles and lamellar nanostructures are polydisperse, while that may be caused 

by the laser re-processing, the locally inhomogenous enviroment caused by the laser 

ablation could also influence the particle growth behavior. 

 The observation of hollow particles in the products fabricated with different 

ablation times and laser fluences shows that the formation of hollow particles is a 

general phenomenon during excimer laser ablation of Mg in water. Since this study aims 

at hollow particles, elimination of the lamellar nanostructures is desirable. I found that it 

can be acheived by adding SDS or SC into water, which has been demonstrated by the 

XRD patterns (e) and (f) in Figure 3.23. Figure 3.27(a) shows the hollow MgO particles 

fabricated in aqueous solution of 0.025 M SDS. The shells of the hollow particles are 

assembled from nanoparticles, which can be clearly observed in Figure 3.27(b). Hollow 

particles can be also fabricated in 0.05 M SDS solution, as shown in Figures 3.27(c) and 

(d). SC plays a similar role in preventing the formation of lamellar nanostructures. 

Figure 3.27(e) and (f) shows the products fabricated in 0.025 M and 0.05 M SC solution, 

respectively. Hollow particles can be observed in both of the products, but the 0.05 M 

SC solution could generate better products. The insets of Figure 3.27(a) and (f) are the 

EDS patterns of the corresponding sample. Only peaks from Mg, O and Al (from the 

sample holder) appear, and no Na, S or C elements from residual surfactants can be 

detected. The combination of structure and morphology analyses, especially the fact that 

when the lamellar nanostructures were eliminated by surfactants, the diffaction peaks of 

Mg(OH)2 concurrently disappeared in the XRD patterns, indicates that the lamellar 
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nanostructures were brucite Mg(OH)2. Brucite has a layer structure consisting of 

hexagonally close-packed OH- ions with Mg2+ in the octahedral positions. Similarly, 

Mg(OH)2 lamellar nanostructures have been obtained by a hydrothermal reaction 

between Mg(NO3)2
118 and hydrazine hydrate.  

 

Figure 3.27 (a) and (b) SEM images of products fabricated in 0.025 M aqueous 
solution of SDS. (c) SEM and (d) TEM images of products fabricated in 0.05 M 
aqueous solution of SDS. And SEM images of products fabricated in (e) 0.025 M 
and (f) 0.05 M aqueous solution of SC. The laser fluence was set to 7.5 J/cm2 and 
ablation time was set to 10 min. The insets of (a) and (f) show the EDS pattern of 
the corresponding sample. 

The MgO might be first generated by PLAL and then reacted with water to form 

Mg(OH)2. Condensation of the laser-induced plasma will produce mixed species from 

Mg and water, namely, Mg atoms or clusters, atomic and molecular hydrogen and 

oxygen, and water vapor. The Mg atoms/clusters, which are highly reactive, will react 

with the oxygen and/or water vapors and form MgO. Another possibility to form MgO is 
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the reaction of Mg with soluble oxygen in the water. However, this is unlikely since 

even by laser ablation in degassed water (as noted in Table 3.1), MgO hollow particles 

could still form (see Figure 3.25(a)). The Mg(OH)2 could not form in the hot plasma 

because Mg(OH)2
118 will begin to decompose into MgO at ~ 330°C.  When the MgO 

clusters are dispersed into water and during the decreasing of their temperatures, some of 

them will react with water and form Mg(OH)2
119 by the reaction:  

MgO+ H2O → Mg(OH)2

When the MgO clusters are finally cooled down some will remain as MgO due to 

the exponential Arrhenius reaction rate. The prevention of the Mg(OH)

  (3) 

2

In summary, I have investigated excimer laser ablation of Mg in water and aqueous 

solutions with surfactants. MgO hollow particles and Mg(OH)

 formation by 

SDS and SC is probably due to surfactant protection of MgO clusters by capping of 

anion layers that hinder the reaction of MgO with water. 

2 lamellar nanostructures 

were formed in water at different laser fluences and ablation times. By the addition of 

SDS and SC, the formation of Mg(OH)2

3.6 PLAL of Zn: Formation of Hollow Zn/ZnO Assemblies 

 lamellar nanostructures could be prevented. 

3.6.1 Experiments 

In the experiments, nanoparticles were fabricated by the excimer laser ablation of a 

Zn target in distilled water and ethanol-water mixture (mole fraction of ethanol xE 

3.6.2 Results and Discussion 

= 

0.24). The excimer laser was operated at 10 Hz with fluence of 8.4 J/cm2. The ablation 

lasted for 10 min. 
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Figure 3.28 (a) TEM image of nanoparticles fabricated by excimer laser ablation of 
Zn in water and (b) the corresponding SAED pattern. 

 

Figure 3.29 (a) and (b) TEM images of nanoparticles fabricated by excimer laser 
ablation of Zn in ethanol-water mixture (xE 

Figure 3.28(a) shows the TEM image of the products by excimer laser ablation of a 

Zn target in water. Dispersed nanoclusters with sizes below 5 nm were produced. The 

corresponding SAED pattern shown in Figure 3.28(b) contains spots from Zn and ZnO, 

indicating that the nanoclusters include partially oxidized Zn. The oxidation is due to the 

reaction of Zn with water. When the aqueous media was exchanged with an ethanol-

water mixture in our experiments, similar nanoclusters were produced, but it is observed 

that some of them assembled into hollow nanoparticles. Figures 3.29(a) and (b) show the 

TEM images of the products with the arrows indicate the assemblies. The hollow 

nanoparticles are not always spherical, such as those shown in Figure 3.29(b). And some 

nanoparticles are very small; the ones indicated by the arrows in Figure 3.29(c) is only 

20 nm in diameter. The corresponding SAED pattern in Figure 3.29(d) reveals that the 

products are also partially oxidized Zn. I also ablated the Zn target in pure ethanol but 

did not obtain products and only a large amount of bubbles were generated from the 

target surface. 

= 0.24), (c) the magnified TEM image 
of hollow nanoparticles self-assembly by nanoclusters and (d) the corresponding 
SAED pattern. 
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Figure 3.30 (a) Size evolution of three laser-induced bubbles in ethanol-water 
mixture (xE 

To reveal the bubble dynamics in ethanol-water mixtures I used the ArF excimer 

laser system to perform the ablation of Zn in water and ethanol-water mixture. The laser-

induced microbubbles in water generally disappeared within 1 second, but it is surprising 

that the laser-induced bubbles in the mixture have considerably longer lifetimes. Figure 

3.30(a) shows the size reduction curves of three bubbles from their maximum radius, 

while the images of the bubbles are shown in the insets. The three bubbles with 

maximum radius of 10 µm, 19 µm, and 22 µm exist for 20 s, 66 s and 99 s, respectively. 

I consider that the bubble dynamics in the ethanol-water mixture is determined by the 

mass diffusion of their vapor content.

= 0.24) with the insets shows the optical images of the bubbles, (b) the 
square of the bubble radius versus the time before the complete collapse of the 
bubbles. 

120 It involves significant thermal effects, thus the 

Rayleigh’s formula is not suitable in this case. Research has shown that ethanol-water 

mixture has microscopic phase separation at the cluster level.121 It is known that the 

number density of the embryonic bubbles increases exponentially with the liquid 

superheat.86 The boiling temperature of ethanol is lower than that of water at ambient 

pressure. In the superheated liquid layer above the laser irradiated target surface, the 

ethanol-rich clusters will preferably form vapor bubbles. At collapse, the motion of the 

bubble interface is limited by the transfer of vapor out of the bubble, namely, the 

diffusion of the ethanol-rich vapor to the interface and condensation. The vapor transport 

in bubbles is diffusion limited, and the time scale of the vapor diffusion 2
dif Rτ ∝ .120 

Figure 3.30(b) plots the square of the bubble radius versus the collapse time, namely, the 
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time before the complete collapse of a shrinking bubble. The curves are nearly linear 

except the early part of each collapse, probably due to that in the early part the dynamic 

time-scale of the bubble motions is longer than the diffusion time-scale and the mass 

diffusion is not dominate.  

3.7 PLAL of Other Materials: Si, Ag, Fe-Ni alloy, TiO2, and Nb2O

3.7.1 Experiments 

5 

Herein, I briefly depict the hollow particles fabricated by PLAL of other materials, 

including Si in water (fluence 1.7 J/cm2), Fe-Ni alloy in ethanol-water mixture (xE = 

0.09, fluence 16.8 J/cm2), Ag target in ethanol-water mixture (xE = 0.09) with the 

addition of Triton X-100 (0.06% vol/vol, fluence 4.2 J/cm2), TiO2 (rutile structure) in 

water (fluence 3.7 J/cm2), and Nb2O5

3.7.2 Results and Discussion 

 in water (fluence 4.9 J/cm2), respectively. 

 

Figure 3.31 (a) and (b) TEM images of nanoparticles fabricated by laser ablation of 
Fe-Ni alloy in ethanol-water mixture (xE

Hollow nanoparticles have been fabricated by excimer laser ablation of the 

permalloy target in ethanol-water mixture. The hollow nanoparticles aggregated by 

nanoclusters can be identified in Figure 3.31(a), and the shell of a typical hollow 

=0.09). SEM images of (c) and (d) hollow 
particles formed by laser ablation of Si in water and (e) and (f) hollow particles 
formed by laser ablation of Ag in ethanol-water mixture with Triton X-100. 
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nanoparticle can be clearly observed in Figure 3.31(b). Figures 3.31(c) and (d) show 

hollow particles fabricated by laser ablation of Si in water; and in particular, Fig. 3.31(d) 

shows a broken shell, on the inside face many nanoparticles could be observed. Ag is 

less likely to form hollow particles even by laser ablation in ethanol-water mixture. 

However, by adding Triton X-100 (0.06% vol/vol), a viscous surfactant, into ethanol–

water mixture (xE

 

=0.09), hollow Ag particles could be obtained as shown in Figures 

3.31(e) and (f). 

Figure 3.32 TEM images of particles fabricated by excimer laser ablation of (a) 
TiO2 and (b) Nb2O5

To demonstrate the generality of the hollow particle formation by excimer laser 

ablation in liquid, I also fabricated particles from oxides in water. Figure 3.32(a) shows 

the TEM image of the products by PLA of the TiO

 targets in water. 

2 target in water, and 3.32(b) shows 

the products by PLA of the Nb2O5

3.8 Conclusion 

 target in water. Hollow spheres can be observed, 

although they are rare in both products.  

The experimental results have shown that the formation of hollow particles by 

excimer laser ablation of solids in liquid media is a general phenomenon. However, 

under the conditions I have explored, the hollow particles are usually rare in the 

products, and the formation of hollow particles depends on the target materials and the 

liquid media. Among the various materials I have investigated, only Al and Mg targets 

have strong tendencies to generate hollow particles (of Al2O3 or MgO) by excimer laser 

ablation in water. And generally, ablation in ethanol-water mixture could generate more 

hollow particles than ablation in water. In Chapter 5, a detailed mechanism based on 

dynamics of laser-induced bubbles will be established to explain these phenomena.  
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4. Laser-Induced Reactions  

4.1 Introduction 

The major role of the liquid in PLAL is to serve as a reservoir for the laser-ablated 

species, but the liquid may also provide a reactive environment to generate compound 

from a target with single element, which is an attractive character of this method. During 

the study of hollow particles, I also found some kinds of chemical reactions, including 

reactions between laser-ablated species with water, surfactant molecules or electrolytes, 

which could generate novel nanostructures. In this chapter, Zn(OH)2/dodecyl sulfate 

(DS) three-dimensional (3D) nanostructures, AgCl cubes, Ag2

4.2 Zn(OH)

O cubes, pyramids, 

triangular plates, pentagonal rods and bars formed by laser-induced reactions will be 

presented. 

2

4.2.1 Experiments 

/DS 3D Nanostructures Fabricated by PLA of Zn in 
Water-Ethanol Mixed Solution of SDS 

Zn targets have been used to fabricate Zn/ZnO core-shell nanoparticles with the 

fundamental output of a Nd:YAG laser (1064 nm) or β-Zn(OH)2 nanolayers with the 

third harmonic generation of a Nd:YAG laser (355 nm) in aqueous solutions of SDS. 

The β-Zn(OH)2 is a metastable phase of Zn(OH)2 that was found at high pressure. 

Moreover, it is found that the β-Zn(OH)2 and SDS could form hybrid composites of 

Zn(OH)2
39/DS nanosheets. , 40 Although laser ablation in liquid has shown the ability for 

nanomaterial fabrication, the scope of the morphologies is usually limited to low-

dimensional nanostructures, such as nanoparticles and nanosheets,3 assembly of these 

units into three-dimensional nanostructures is rarely reported. 

In this experiment, I have studied the formation of complex three dimensional 

Zn(OH)2/DS nanocomposites by plused laser ablation in a liquid medium. The 

nanostructures are self-assembled by Zn(OH)2/DS nanolayers fabricated in aqueous 

solution of SDS with the addition of ethanol (Vethanol: Vwater = 1:4 or 1:3). The SDS 

concentration was 0.04 M. The laser fluence was 4.3 J/cm2 with frequency of 10 Hz, and 

the ablation lasted for 20 min. 
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4.2.2 Results and Discussion 

 

Figure 4.1 XRD pattern of the products from laser ablation of Zn in aqueous 
solution of SDS, the inset (a) shows SEM image of the products and (b) shows 
typical nanolayers with higher magnification. 

 

Figure 4.2 SEM images of products from laser ablation of Zn in ethanol-water 
solution (Vethanol: Vwater = 1:4) of SDS: (a) a general view, (b) a typical 
nanostructure assembled by nanolayers, (c) jointed nanolayers with higher 
magnification. (d) TEM image of a typical nanolayer on a nanostructure. 
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Figure 4.1 depicts the XRD pattern of the products prepared in aqueous solution of 

SDS. A series of (00l) diffraction peaks appear with the same basal spacing of 27.2 Å. 

The peak at 4.5° comes from residue of SDS (JCPDS card No. 39-1996) and the broad 

peak around 23° comes from the glass substrate used to hold the sample for XRD. The 

XRD pattern and basal spacing agree well with a previous report indicating that the 

nanolayers are β-Zn(OH)2
39/DS nanocomposite.  The inset (a) of Figure 4.1 shows the 

SEM image of products. Only nanolayers could be observed. Typical nanolayers are 

magnified and shown in the inset (b). The nanolayer has a hexagonal morphology. β-

Zn(OH)2 is a metastable phase of Zn(OH)2 with a hexagonal structure thus a typical 

nanolayer shows a hexagonal morphology. The Zn(OH)2

39

 probably forms alternating 

lamellar structures bound by DS anions, that is the origin of the (00l) diffraction peaks.  

By addition of ethanol (Vethanol: Vwater = 1:4), the products have different 

morphologies. As shown in Figure 4.2(a), complex three dimensional nanostructures 

assembled by nanolayers can be observed. Figure 4.2(b) exhibits a typical nanostructure 

constructed by a number of nanolayers. The average thickness of the layers is about 100 

nm and they are jointed as depicted in the magnified SEM image of Figure 4.2(c). Figure 

4.2(d) shows the TEM image of a typical nanolayer. Different from the nanolayers 

formed in aqueous solution of SDS, it has an irregular edge and flexural surface. An 

EDS pattern of the nanostructures is shown in Figure 4.3(a), revealing the existence of 

Zn, O, S and C elements in the nanolayers without traces of Na. Figure 4.3(b) depicts the 

XRD pattern. A similar series of (00l) diffraction peaks exist with the basal spacing of 

26.6 Å. The (100) and (110) planes of β -Zn(OH)2

39

 similar to the previous report also 

appear.  The asymmetry of the (100) peak indicates that turbostratic stacking faults 

exist in the basal planes.39 However, the pattern also contains peaks from ZnO (JCPDS 

card No. 36-1451), indicating that the addition of ethanol hinders the generation of 

Zn(OH)2

The structural difference is further verified by PL measurements. As shown in 

Figure 4.4, the nanolayers prepared in aqueous solution of SDS does not show apparent 

emission peak, but the nanostructures prepared in the presence of ethanol shows a broad 

emission peak at ca. 415 nm. Similar emission peak arising from band-edge emission of  

 and promotes the formation of ZnO. 
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Figure 4.3 (a) EDS pattern and (b) XRD pattern of the products fabricated in the 
ethanol-water solution (Vethanol: Vwater 

semiconducting ZnO has been observed in ZnO nanotubes,
= 1:4) of SDS. 

122 demonstrating that ZnO 

crystal structures exist in the complex three dimensional nanostructures. 

I consider that the self-assembly of Zn(OH)2/DS nanolayers in water-ethanol 

mixture is related to the formation of ZnO crystal structures. It has been proposed that 

ZnO structures may partially form in β-Zn(OH)2

40

 layers due to the defects at the 

hydroxyl group sites.  The reaction of laser-produced Zn clusters with water may occur 

according to the following formula: 

Zn + 2H2O → Zn(OH)2 + H2↑  (1) 
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Figure 4.4 PL spectra of the products fabricated in (a) aqueous solution of SDS and 
(b) ethanol-water solution (Vethanol: Vwater 

Zn + H
= 1:4) of SDS. 

2O → ZnO + H2

The formation of Zn(OH)

↑   (2) 

2

121

 needs one more water molecule than that of ZnO. It has 

been revealed that ethanol-water mixture has microscopic phase separation at the cluster 

level.  With ethanol, the local insufficiency of water molecules results in defects at the 

hydroxyl groups, and ZnO clusters may form that immerse in the Zn(OH)2
40 layer.  ZnO 

clusters will cause lattice distortion of Zn(OH)2 growth increasing the free energy of the 

layer. This extra free energy will provide a thermodynamic driving force for the 

heterogeneous nucleation of Zn(OH)2 species in the liquid, thus induces the formation of 

a branched layer on the primary Zn(OH)2

123

 layer. This mechanism will occur at different 

sites of the primary and secondary layers, thus producing complex three dimensional 

nanostructures with assembled nanolayers. There are some reports showing the ability of 

ZnO to induce assembly of nanolayers. Inamdar et al. reported the fabrication of ZnO 

thin films assembled by nanolayers via electrodeposition using SDS as the surfactant.  

Pan et al. have synthesized flower-like ZnO nanostructures through a solvothermal 

method.124 They considered that the ZnO nuclei aggregates could act as seeds for the 

growth and assembly of nanosheets. Although the nanosheets are pure ZnO, the role of 

the ZnO aggregates is similar to the ZnO defects in my mechanism. 



 

59 
 

Following this mechanism, a higher concentration of ethanol in the mixture should 

result in more ZnO clusters and stronger assembly of the nanolayers. To verify it, I 

increased the ethanol concentration (Vethanol: Vwater 

 

= 1:3) and performed the laser 

ablation experiment. Figure 4.5 shows the SEM image of the products. The nanolayers 

evolve into a porous network structure, indicating a stronger assembly. Moreover, ZnO 

nanoparticles can be observed in the nanolayers as marked by the arrows, further 

demonstrating the role of ethanol. 

Figure 4.5 SEM image of products fabricated in ethanol-water solution (Vethanol: 
Vwater 

In summary, complex three dimensional Zn(OH)
= 1:3) of SDS. 

2/DS nanostructures have been 

fabricated by pulsed laser ablation of bulk Zn in ethanol-water solution of SDS. The 

ethanol promotes the formation of ZnO crystal structures in the Zn(OH)2

4.3 AgCl Cubes Fabricated by PLA of Ag in Aqueous Solutions of 
NaCl 

 lamella, 

inducing heterogeneous nucleation of secondary nanolayer and resulting in three 

dimensional nanostructures. This work demonstrates that laser ablation in liquid can be 

used to fabricate complex nanostructures by controlling the nucleation and growth 

behavior of laser-produced species from the target. 

4.3.1 Experiments 

As shown in Table 1.1, researchers have tried to ablate bulk Ag in aqueous solutions 

of NaCl.12-14 It has been revealed that the NaCl could increase the formation efficiency 

of Ag nanoparticles, but it would also inhibit or even prevent the formation of Ag 

nanoparticles (as indicated by the absorption spectra of the colloids) if the concentration 
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of NaCl (CNaCl
13) increased to a certain value, , 15 e.g., 0.07 M,13 while the reason for this 

was unknown. Therefore, I have systematically studied the PLA of bulk Ag in NaCl 

solutions and proposed a mechanism to explain the nanoparticle growth.  

In the experiments, PLA of a silver metal target (99.99%) was conducted in water or 

aqueous solutions of NaCl (99.0%). The CNaCl

To study the influence of the UV laser irradiation on Ag nanoparticles, a glass dish 

containing colloidal silver was irradiated by the excimer laser with 12000 pluses. The 

colloidal silver, purchased from Purest Colloids, Inc., contains ~75% Ag nanoclusters (~ 

0.65 nm) and ~25% Ag+ ions that are dispersed in water. The laser beam was unfocused 

with much lower fluence of 8×10-3 J/cm2 to avoid the formation of plasma in the colloid. 

For comparison, another Ag colloid with 0.001 M NaCl was irradiated by the excimer 

laser with the same laser parameters. 

 ranged from 10-5 M to 0.1 M and the 

volume of the NaCl solution was 12 mL for each experiment. The laser fluence was set 

to 7.5 or 15.0 J/cm2 with frequency of 10 Hz, and the ablation time was either 5 min or 

20 min. After ablation, the products were collected from the colloids by centrifugation. 

The resulting deposits, with a small amount of residual solution, were cast onto glass or 

silicon substrates and dried at room temperature for XRD and scanning electron 

microscopy (SEM) characterization, respectively.  

4.3.2 Results and Discussion 

1) Formation efficiency of Ag nanoparticles. The formation efficiency of Ag 

nanoparticles prepared by laser ablation in a NaCl solution could be characterized by the 

maximum absorbance the typical SPB in the absorption spectrum.13, 15 Figure 4.6(a) 

shows the absorption spectra of the colloids prepared in water and NaCl solutions with 

different concentrations. The laser fluence was 7.5 J/cm2 and the ablation time was 5 

min. An absorption band at ~ 398 nm could be observed in each spectrum when the 

NaCl concentration is lower than 5×10-2 M. The absorption band corresponds to the 

surface plasmon resonance of Ag nanospheres,125 indicating that Ag nanoclusters have 

formed in the solution. Another absorption band at ~ 275 nm also becomes visible when 

CNaCl is 0.001 M to 0.01 M, probably due to the formation of AgCl in the solution. 

Similar absorption bands around 250 nm have been observed in absorption spectra of  
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Figure 4.6 (a) Absorption spectra of colloids formed by excimer laser ablation of Ag 
in water and NaCl solutions with different concentrations. The laser fluence was 7.5 
J/cm2 and ablation time was 5 min. (b) The maximum absorbance of the SPBs in 
the absorption spectra from three series of samples as a function of NaCl 
concentration with error bars. 
AgCl nanoparticles.126, 127 The presence of NaCl, even at the lowest concentration of 10-5 

M, could increase the formation efficiency of Ag nanoparticles compared with pure 

water. The maximum absorbance of the SPB is dependent on the NaCl concentration, 

and has a maximum when the NaCl concentration is 0.001 M as depicted in Figure 

4.6(b). This optimum concentration depends on the laser fluence and the length of 

ablation time. Figure 4.6(b) also depicts the results of two series of colloids produced 
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with different ablation parameters. The optimum concentration shifts to 0.005 M when 

the laser fluence is increased to 15.0 J/cm2 with the same ablation time of 5 min, and 

further shifts to higher concentration when the ablation time is increased to 20 min with 

the laser fluence of 15.0 J/cm2. In all the three experimental series, the laser ablated 

solutions with CNaCl

 

 ≥ 0.05 M do not show SPBs and particles could not be collected by 

centrifugation of these solutions. 

Figure 4.7 XRD patterns of the laser fabricated products and residues from NaCl 
solutions. 

2) Structure of the products. The centrifuged deposits with ~ 0.02 mL residual 

solution from samples prepared with laser fluence of 15.0 J/cm2 were dropped onto glass 

substrates for XRD analyses. Figure 4.7 shows the XRD patterns of the samples. The 

0.005 M NaCl solution, after 5 min laser ablation, still contains NaCl as characterized by 

the diffraction peak located at 2θ value of 31.7° in Figure 4.7(a) (JCPDS card no. 77-

2064). A weak peak at 32.2° belonging to the cubic phase of AgCl (JCPDS card no. 31-

1238) also appears. When the ablation time is increased to 20 min, the amount of resid- 
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Figure 4.8 Absorption spectra of 0.005 M NaCl solution after laser ablation for 20 
min with fluence of 15.0 J/cm2 (a) before and (b) after centrifugation, and (c) the 
spectrum of the deposits re-dispersed in the same amount of water. 
-ual NaCl decreases and diffraction peaks from AgCl in Figure 4.7(b) becomes more 

visible than that in Figure 4.7(a). With 20 min ablation time, NaCl is nearly all 

consumed in the 0.001 M NaCl solution as the diffraction peak from NaCl disappears in 

Figure 4.7(c), but it is still abundant in the 0.01 M NaCl solution as indicated by Figure 

4.7(d). It should be noted that although Ag nanoclusters exist in the solution as indicated 

by the absorption spectra, diffraction peaks from Ag could not be identified in the XRD 

patterns, probably because there was much less Ag than the amount of AgCl particles, or 

they are too small to be centrifuged from the solution. To reveal this, I centrifuged half 

of the 0.005 M NaCl solution after laser ablation for 20 min with fluence of 15.0 J/cm2, 

and measured the absorption spectra of the solution before and after centrifugation and 

the spectrum of the deposits re-dispersed in the same amount of water. Before 

centrifugation the solution shows two absorption bands at ~ 280 nm and ~398 nm as 

shown in Figure 4.8(a). After centrifugation, the SPB band from Ag in the solution is 

strong as shown in Figure 4.8(b), and the deposits mainly show an absorption band at ~ 

280 nm as depicted in Figure 4.8(c), indicating that most of the Ag nanoclusters are still 

in the solution. Moreover, an additional absorption band at ~ 240 nm can be identified in 

Figure 4.8(c), which corresponds to the direct bandgap of AgCl.128 The formation of 
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AgCl and the consumption of Cl- anions indicate that the laser ablation produced Ag+ 

ions that combined with the Cl- and formed AgCl precipitates. 

 

Figure 4.9 SEM images of products and residues obtained by laser ablation of Ag in 
0.005 M NaCl solutions for (a) 5 min and (b) 20 min, and magnified images of AgCl 
cubes obtained in (c) 0.005 M and (d) 0.001 M NaCl solution with ablation time of 
20 min. The insets in (a) and (b) are the corresponding EDS patterns. The laser 
fluence was set to 15.0 J/cm2. 

3) Morphology and stability. Figure 4.9(a) and (b) shows the SEM image of 

products and residues obtained from 0.005 M NaCl solution after laser ablation for 5 min 

and 20 min, respectively. Microcubes could be observed in Figure 4.9(a), which are 

NaCl crystals as indicated by Figure 4.7(a) and are further confirmed by the EDS pattern 

shown in the inset. The peak of Si came from the substrate used to hold the sample. In 

Figure 4.9(b), NaCl crystals cannot be observed. Instead, AgCl particles show up and the 

EDS pattern in the inset reveals the existence of Ag and Cl elements. A magnified SEM 

image of the AgCl particles is shown in Figure 4.9(c). The particles have cubic 

morphologies although some of them lack well-defined facets. The cubes are 

polydispersed with the sizes on the scale of several hundred nanometers. Figure 4.9(d) 

shows the products from 0.001 M NaCl solution, similar cubes can be observed. 

Recently, AgCl nanocubes with average edge length of 130 nm have been synthesized 

by a precipitation reaction between Ag+ and Cl- ions in ethylene glycol with the addition 
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of PVP as morphology capping agent.128 The AgCl in the laser ablated solution should 

also form by the precipitation. I consider the cubic morphology is at least partly caused 

by the Cl- ions. Several studies have shown that Cl- ions have the ability to promote the 

formation of cubic morphology,70, 129 probably due to the preferred absorption of Cl- ions 

to {100} facets of a cubic structure as it lowers the surface energy of these facets and 

stabilizes a cubic morphology.  

The AgCl cubes are unstable under electron beam irradiation especially under the 

TEM.128 Figure 4.10(a) shows the SEM image of AgCl particles prepared in 0.002 M 

NaCl solution with laser fluence of 7.5 J/cm2 and ablation time of 20 min, and Figure 

4.10(b) shows the TEM image of the same sample. It can be observed that the AgCl 

particles have decomposed into smaller nanoparticles in the TEM image, and the 

corresponding SAED pattern reveals that the decomposed nanoparticles contained 

crystalline Ag. The decomposition occurred within several seconds under the TEM, and 

showed hollow interior during the process. Figure 4.10(d) shows a sequential image of 

the decomposed AgCl nanocube marked by an arrow in Figure 4.10(b). The hollow 

interior becomes larger and more Ag nanoparticles grow out of the cubes.  

 

Figure 4.10 (a) SEM and (b) TEM images of the AgCl cubes obtained in 0.002 M 
NaCl solution with laser fluence of 7.5 J/cm2 and ablation time of 20 min. (c) The 
corresponding SAED pattern. (d) TEM image of a decomposed AgCl cube. 
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Figure 4.11 Absorption spectra of commercial Ag colloid (a) before and (b) after 
excimer laser irradiation, (c) spectrum of Ag colloid with 0.001 M NaCl after 
excimer laser irradiation. 

4) Formation mechanism. Although the previous reports did not consider the 

formation of AgCl in NaCl solution during the laser ablation,12-15 my experimental 

results indicate that AgCl should form in a NaCl solution with proper concentration if 

Ag+ ions exist. AgCl is almost insoluble in water (the solubility product [Ag+][Cl-] = 

2×10-10).130 Two routes could generate Ag+ ions during the PLAL. First, the Ag+ ions 

can form in the laser-induced plasma, and react with the Cl- at the boundary regions of 

the plasma; and second, the photoejection of electrons from Ag nanoclusters by the laser 

irradiation.105 The first process relies on the laser fluence and could occur even using a 

laser with long excitation wavelength, for example, the 1064 nm laser used in the 

previous studies.12-15 The second process depends on the photon energy and will be more 

significant when a UV laser is used. Photoejection of an electron from a (Ag)n 

nanocluster is a monophotonic process under 248 nm (5.0 eV) laser irradiation since the 

work function of Ag is ca. 4.3 eV, and then an Ag+ ion could be released from the 

(Ag)n
105+ nanocluster.  To confirm this, I irradiated a dish of commercial Ag colloid 

using unfocused excimer laser with fluence of 8×10-3 J/cm2. Figures 4.11(a) and (b) 

show the absorption spectrum of the colloid before and after irradiation of 12000 laser 

pulses. It can be observed that the absorbance of SPB at 398 nm from Ag nanoclusters 

has decreased after laser irradiation, indicating that some Ag has changed into Ag+ ions 

due to photoionization. Therefore, during the laser ablation of Ag in liquid, a certain 
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amount of Ag+ ions should be produced, that in turn, resulting in some AgCl 

nanoclusters with the existence of Cl- anions. The AgCl in the solution with excess Ag+ 

will promote the formation of Ag under light irradiation by the following reaction131 

4Ag+ + 2H2O 
ℎ𝑣,𝐴𝑔𝐶𝑙 
�⎯⎯⎯⎯� 4Ag + 4H+ +O2

AgCl is photoactive such that it absorbs photons and creates electrons and holes 

which in turn induce the formation of Ag and O

 (3) 

2. This process was confirmed by the 

study of photochemical O2
131 evolution from water with thin AgCl layers.  A feature of 

PLAL is that the laser generated particles are dispersed in the solution and will be 

randomly re-irradiated by the subsequent laser pulses. When a certain amount of Ag+ 

exists in solution, the formation of AgCl will cause reduction of Ag+ ions under laser 

irradiation that finally results in Ag nanoclusters. Therefore, the formation efficiency of 

Ag nanoclusters will be higher in NaCl solution with CNaCl

The decrease and eventual disappearance of Ag nanoclusters in a NaCl solution with 

C

 ≤ 0.01 M than that in pure 

water. The reduction of Ag+ ions should occur at the surface of AgCl particles, and 

agglomeration of the Ag atoms results in nanoclusters, which could then disperse into 

the solution by diffusion. The AgCl induced reduction of Ag+ into Ag could be also 

confirmed by excimer laser irradiation of the commercial Ag colloid with 0.001 M NaCl. 

Figure 5c depicts the absorption spectrum of the colloid after laser irradiation. The 

absorbance of SPB from Ag is higher than that of the colloid without NaCl (Figure 

4.11(b)), and an absorption band at ~275 nm also appears, indicating that AgCl clusters 

have formed and they have reduced some Ag+ into Ag. And it could be further inferred 

that during the excimer laser ablation of Ag in NaCl solution, the photoionization of Ag 

into Ag+ and the AgCl induced reduction of Ag+ to Ag will be two competitive 

processes.  

NaCl ≥ 0.05 M could be explained considering the extra Cl- anions. With the increasing 

of CNaCl
130, complex anions of the type AgCl𝑚+1

m−  (e.g. AgCl2−) will form by the reaction  

AgCl +  mCl−  ⇄  AgCl𝑚+1
m−   (4) 

The reaction will shift to the right with the increasing of Cl- concentration. The 

complex anions are soluble in water,130 thus the amount of AgCl will decrease and the 

reduction of Ag+ to Ag will be limited. And further considering the photoionization of 

Ag by laser irradiation, any Ag nanoclusters in the solution will finally dissolve and 
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form complex anions, thus the SPB from Ag nanoclusters will disappear. The probability 

for formation of AgCl or AgCl𝑚+1
m−  depends on the ratio of [Ag+]/[Cl-]. Increasing the 

laser fluence and ablation time will produce more Ag+ ions, thus the optimum NaCl 

concentration will shift to higher values as depicted in Figure 4.6(b). 

In summary, I have studied the UV laser ablation of bulk Ag in NaCl solution with 

different NaCl concentrations, laser fluences, and ablation times. Absorption spectra of 

the laser ablated solution CNaCl ≤ 0.01 M indicate Ag nanoclusters could form in the 

solutions, but XRD and SEM/TEM analyses revealed that the products were mainly 

AgCl submicron cubes. I consider that the laser ablation of Ag in NaCl solution will 

produce Ag+ ions, which could combine with Cl- and form insoluble AgCl nanoclusters 

that grow into submicron cubes. The AgCl can improve the formation of Ag 

nanoclusters by photochemical reduction of Ag+ ions. When CNaCl

4.4 Ag

 ≥ 0.05 M, soluble 

complex anions of the type AgCl𝑚+1
m−  will form that reduce the formation of AgCl and Ag. 

The excimer laser ablation of Ag in NaCl solution provides a facile route to fabricate 

AgCl cubes, and the colloids of AgCl with Ag/Ag+ may find applications in organic 

pollutants treatment and solar energy utilization. 

2

4.4.1 Experiments 

O Micro-/Nanostructures Fabricated by PLA of Ag in 
Aqueous Solutions of Polysorbates 

Ag2
132O is a semiconductor with a band gap in the visible region (2.25 eV).  

Research has revealed that Ag2

132

O nanoparticles and thin films have potential applications 

for rewritable optical data storage.  Recent research also indicated that Ag2

133

O micro-

/nanostructures had shape-dependent antibacterial activities.  However, only limited 

numbers of approaches have been developed to synthesize Ag2O particles with well-

defined morphologies. Penner et al. reported an electrochemical method to fabricate 

hopper-like and flower-like Ag2
134O particles by anodizing a Ag wire in a basic solution.  

Very recently, Ag2O cubes, octahedra and truncated octahedra, have been synthesized 

by a wet-chemical method using AgNO3, NH3·3H2
133O and NaOH.  By a similar method, 

but changing NH3·3H2O to NH4NO3, Lyu et al. also obtained Ag2

135

O cubes, octahedra, 

truncated cubes/octahedra, and hexapods.  All of the previously reported Ag2O 
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structures probably evolved from cubic shapes, thus it is wondered whether Ag2

 

O could 

grow into other new morphologies.  

Figure 4.12 Molecular structures of (a) polysorbate 80, (b) polysorbate 40 and (c) 
polysorbate 20. 

I found the PLAL method could fabricate Ag2

136

O micro-/nanostructures, including 

cubes, pyramids, triangular plates, pentagonal rods and bars, directly from bulk Ag in 

aqueous solutions of polysorbate 80. The molecular structure of polysorbate 80 is shown 

in Figure 4.12(a). It is a non-ionic surfactant that is very efficient for drug delivery in the 

brain.  I also found polysorbate 40 and polysorbate 20, which have similar molecular 

structures as polysorbate 80 as shown in Figures 4.12(b) and (c), respectively, could 

serve a qualitatively similar role in this laser-based approach.  

In a typical experiment, 0.02 mL of polysorbate 80 (also known as Tween 80) was 

added into 40 mL of distilled water to make a solution (0.05% v/v) by stirring and 

ultrasonic treatment. A silver metal target (99.99%) was placed on the bottom of a glass 

beaker filled with the solution of 6 mm in depth. The laser fluence was 8.8 J/cm2 with 

frequency of 10 Hz. The ablation lasted for 20-80 min. I also performed the experiments 

with different polysorbate 80 concentrations (0, 0.01%, 0.25% and 1.25% v/v) while 

keeping the same ablation time to 20 min, and further used ethanol/water mixed solvent 

(Vethanol:Vwater = 1:3) with 0.05% v/v polysorbate 80. For comparison, I also performed 

the laser ablation in aqueous solutions of polysorbate 20 (0.05% v/v) and polysorbate 40 

(0.05% v/v) with the same laser parameters of polysorbate 80. 
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4.4.2 Results and Discussion 

 

Figure 4.13 Typical XRD pattern of the products fabricated by laser ablation of Ag 
in aqueous solution of polysorbate 80 (0.05% v/v). 

1) Ag2O Cubes and Other Morphologies. Figure 4.13 shows the XRD pattern of 

the products prepared in water with polysorbate 80 (0.05% v/v) for 80 min. The 

relatively strong peaks can be indexed into cubic Ag2O (JCPDS No. 75-1532), but peaks 

from face-centered cubic (fcc) Ag (JCPDS No. 87-0719) are present indicating that laser 

ablation also produced Ag particles. Figure 4.14(a) shows a typical SEM image of the 

products revealing that they consist of a large quantity of cubes with edge lengths 

varying from 400 nm to 1 µm. Figure 4.14(b) shows the SEM image with higher 

magnification and further shows that the cubes have square facets. It is interesting that 

the products contain hollow cubes such as the one with a broken shell shown in Figure 

4.14(c). Besides cubes, spheres, pyramids, triangular plates and rods can be also 

observed as shown in Figures 4.14(d)-(h). The spheres are mainly Ag and the other 

morphologies are Ag2O as indicated by their different stabilities under electron 

irradiation which will be discussed later. The cross section of the Ag2

137

O rods have a 

pentagonal shape as shown in Figure 4.14(g), the same as the Ag nanowires synthesized 

by the polyol process.  However, the ends of the rods are bounded by ten facets, which 

are different from the Ag nanowires bounded by five { }111  facets.137 The existence of 
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these nanostructures indicates that the water-polysorbate 80 system is promising for the 

discovery of new Ag2

 

O nanostructures. 

Figure 4.14 SEM images of (a) products fabricated in aqueous solution of 
polysorbate 80 (0.05% v/v) for 80 min, (b) image with higher magnification, (c) a 
hollow cube, (d) and (e) triangular plates, (f) sphere, pyramid and rods, (g) and (h) 
rods. 

 

Figure 4.15 (a) and (b) Two SEM images with a temporal interval of 2 min. (c) 
SEM image after further focused the electron beam on the rectangular areas for 2 
min, respectively. 
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Figure 4.16 (a) and (b) Two TEM images with a temporal interval of 10 s. (c) TEM 
image of the transformed cube with higher magnification and (d) the corresponding 
SAED pattern. 

2) Stabilities of Ag2O particles. The Ag2O cubes and other structures are very 

sensitive to electron beam irradiation. Figure 4.15(a) shows a SEM image of a collection 

of a cube, a rod and a sphere. After irradiation by the electron beam for 2 min, another 

image was taken as shown in Figure 4.15(b). It can be observed that a number of 

nanoparticles appear on the surfaces of the cube and the rod. Then the electron beam was 

focused onto the two areas marked by the rectangles for 2 min, respectively. As a result, 

the cube and rod were partially decomposed into smaller nanoparticles, but the sphere 

was almost unaffected (Figure 4.15(c)). The phenomenon is more apparent under 

transmission electron microscopy. Figures 4.16(a) and (b) are two sequential TEM 

images with a temporal interval of 10 s, and the structure of the triangular plates and 

cubes have remarkably transformed into aggregates of nanoparticles. Figure 4.16(c) 

shows the TEM image of the nanoparticles with higher magnification, the diameters of 

the nanoparticles range from 30 to 80 nm. The corresponding SAED pattern indicates 

that the nanoparticles are Ag and Ag2O (Figure 4.16(d)). The Ag resulted from the 

decomposition of Ag2O under electron irradiation. Similar phenomenon was observed in 

single crystalline Ag2
133O cubes synthesized by chemical reactions.  Large numbers of 

nanoparticles of several nanometers could be produced on the surface of the Ag2O cubes 
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under a focused electron beam for several seconds.133 This phenomenon has not been 

previously reported in Ag cubes and nanoparticles.10, 138 and therefore it is considered 

that the spheres in the products are mainly Ag although they may contain thin oxide 

shells and the other particles are Ag2O. The instabilities of Ag2O particles under 

electron beam irradiation are probably due to the irradiation induced heating effects. It is 

known that Ag2

139

O tends to decompose into Ag under thermal treatment and the total 

decomposition begins at ~ 360 °C.  

 

Figure 4.17 (a) TEM image of nanoparticles fabricated in pure water for 20 min 
and (b) the corresponding SAED pattern. SEM images of products fabricated in 
water with different concentrations of polysorbate 80: (c) and (d) 0.01% v/v, (e) and 
(f) 0.05% v/v, (g) and (h) 0.25% v/v for 20 min. 

3) Effects of Polysorbate 80. To study the role of Polysorbate 80 on the formation 

of Ag2O particles, I performed the ablation in water with different concentrations of 

polysorbate 80 (0 - 1.25% v/v). In pure water, only Ag nanoparticles with weak 

oxidization could be obtained. Figure 4.17(a) shows the TEM image of the nanoparticles 

and the corresponding SAED pattern is shown in Figure 4.17(b), which mainly contains 

diffraction spots from Ag although weak spots from Ag2O could be also observed. In the 

aqueous solution of 0.01% polysorbate 80, Ag2O particles could form, but many Ag 

spheres also exist as shown in Figure 4.17(c). Some of the spheres are hollow due to 

laser-induced bubbles. Figure 4.17(d) shows the SEM image of a typical hollow particle 

with a broken shell. 0.05%-0.25% concentrations are acceptable for the fabrication of 
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Ag2

140

O particles (Figures 4.17(e)-(h)), and these concentrations are higher than the critical 

micelle concentration (CMC) of polysorbate 80 which is ~ 0.01% v/v.  It is observed 

that the cubes tend to coalesce into bars with the increasing of the polysorbate 80 

concentration. Some bars are pointed out by the arrows in Figure 4.17(h). Even higher 

concentrations (~1.25%) will increase the viscosity of the solution and attenuate the laser 

beam largely decreasing the ablation efficiency.  

 

Figure 4.18 SEM images of products fabricated in aqueous solutions of (a) 
polysorbate 20 (0.05% v/v) and (b) polysorbate 40 (0.05% v/v). 

It is clear that the polysorbate 80 played a critical role in the formation of Ag2

Oxidization of metal nanoparticles generated by laser ablation in water or water 

solutions is usually inherent due to the soluble oxygen or reaction of the metal with 

water,

O 

micro-/nanostructures. And then it is expected that other polysorbates, such as 

polysorbate 40 and polysorbate 20, which have similar molecular structures as 

polysorbate 80, should play the similar role. This inference can be verified by the SEM 

images of products fabricated in 0.05% polysorbates 20 and 40 aqueous solutions as 

shown in Figures 4.18(a) and (b), respectively, in which similar cubes and other 

structures can be observed.  

11, 141 but generally only Ag/Ag2
141O core/shell particles would be obtained.  The 

pulsed laser ablation of Ag target in liquid generated Ag clusters that could nucleate and 

grow into Ag particles, such as the Ag nanoparticles produced in pure water, and the 

surface of these particles could be oxidized. However, the well-defined morphologies of 

Ag2O particles indicate that they should crystallize from Ag2O clusters. A scenario is 

proposed considering the charge transfer during the formation of Ag2O. The previous 

study of pulsed excimer laser ablation in NaCl solutions has shown that Ag+ ions are 
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also generated in aqueous solutions from laser-produced plasma and/or due to 

photoionization of Ag clusters, which can be described as: 
0Ag   Ag (aq)  ehv + −→ +    (5) 

The dissociative electron may recombine with the Ag+ ion to form a Ag atom, or 

attach to a water molecule:142 

2H O  e   OH  + H− −+ →    (6) 

Then Ag2
133O will form by the reaction: , 134 

+
2 22Ag (aq) + 2OH   Ag O(s) + H O− →   (7) 

The polysorbate 80 micelles dispersed in water are considered to promote the 

reaction (6) and limit the recombination of Ag+ ions with dissociative electrons, and thus 

Ag2

The oxygen in the Ag

O clusters could form. 

2O occupies the (1/4, 1/4, 1/4) interstitial sites of the fcc 

lattices constructed by Ag. Further nucleation and growth of the Ag2O clusters result in 

the formation of cubes and other structures. The existence of these structures, especially 

the triangular plates and rods, indicates that the fcc lattices of Ag still influence the 

growth of the Ag2

137

O particles. Similar morphologies have been observed in Ag 

nanostructures and great effects have been devoted to elucidate their growth 

mechanisms. , 143, 144 The typical facets that construct the surface of Ag nanostructures 

are {100}, {110} and {111}, and the free energies are: γ{110} > γ{100} > γ{111}
137. , 143, 145 

Ag cubes are bounded by {100} facets and this is also the case for Ag2
133O cubes. , 146 

The triangular facets of Ag plates are often composed of {111} facets and the side 

surfaces of Ag pentagonal rods are bounded by {100} facets, and studies have suggested 

that Ag plates and rods have a twinned crystal structure.137, 145 These facts provide clues 

for further structural analysis of Ag2O crystals. Unlike the previous syntheses of Ag2

133-135

O 

crystals in basic solutions,  the polysorbate 80 solutions used in my experiments are 

nearly neutral and provide mild environments for the crystallization of Ag2O. The 

crystallization process should be based on the thermodynamic principle of surface free 

energy minimization, although it could be disturbed by thermal fluctuations during 

ablation. That may be the reason that why new Ag2O morphologies can be observed in 
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my experiments, and the observations will be useful for further theoretical and 

experimental investigations. 

 

Figure 4.19 (A) SEM and (B) TEM images of products fabricated in ethanol/water 
mixture (Vethanol:Vwater 

4) Ag Nano-networks. I further found that the polysorbate 80 aqueous solutions 

could be modified to generate Ag nano-networks by adding ethanol into the solution. 

Figures 4.19(a) and (b) show the SEM and TEM images of the products fabricated by 

excimer laser ablation of Ag in ethanol/water mixture (V

= 1:3) solution of 0.05% polysorbate 80. (C) TEM image of 
Ag nano-networks. (D) Products fabricated in the ethanol/water mixture without 
polysorbate 80. 

ethanol:Vwater = 1:3) solution of 

0.05% polysorbate 80. Besides Ag2

26

O particles, Ag nano-networks can be observed in 

the products. Figure 4.19(c) shows a magnified image of the nano-networks connected 

by nanoparticles and nanowires. These nano-networks did not show morphology change 

under electron beam irradiation. The polysorbate 80 is still important for the formation 

of the nano-networks. Figure 4.19(d) shows a TEM image of products fabricated in the 

ethanol/water mixture without polysorbate 80, and only dispersed nanoparticles can be 

observed. There have been reports that pulsed laser ablation in liquid could produce Au 

and Pt nano-networks in aqueous solution of SDS, , 35 but Ag nano-networks fabricated 

by this method have not been reported before. Ethanol/water mixtures have microscopic 

phase separation at the cluster level.121 The existence of ethanol clusters will decrease 
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the possibility of Ag oxidization by water and promote the formation of Ag 

nanoparticles. The Ag nanoparticles were dispersed in the solution and may be heated by 

subsequent laser irradiation. The polysorbate 80 is an organic surfactant with lower 

thermal conductivity than that of water. Therefore, the photothermal effect of Ag 

nanoparticles surrounded by polysorbate 80 micelles is more significant, resulting in 

jointing of encountered Ag nanoparticles and finally the formation of networks.26, 35 

In summary, a mixture of Ag2O cubes, pyramids, triangular plates, pentagonal rods 

and bars have been fabricated by excimer laser ablation of Ag in aqueous solutions of 

polysorbate 80. Polysorbate 80 played an important role in the formation of Ag2

4.5 Conclusion 

O 

micro-/nanostructures and similar structures could also form in aqueous solutions of 

polysorbates 20 and 40.  

In this chapter, Zn(OH)2/DS, AgCl, and Ag2O micro-/nanostructures formed by 

laser-induced reactions during PLAL have been depicted, and the formation mechanisms 

have been discussed. The PLAL method has shown the ability to fabricate novel 

morphologies, beyond the traditional chemical methods, and it is expected to be further 

extended to discover new micro-/nanostructures. 
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5. Mechanisms of PLAL 

5.1 Introduction 

In chapters 3 and 4 it was presented how various micro-/nanostructures, especially 

hollow particles, have been fabricated by pulsed excimer laser ablation in liquid media. I 

proposed that the hollow particles were formed on laser-induced bubbles, but a detailed 

scenario has to be established. This scenario should explain some phenomena associated 

with the formation of hollow particles: (1) larger particles are more likely to be hollow; 

(2) the formation of hollow particles depends on the targets; especially, Mg and Al 

targets have stronger tendency to generate hollow particles; (3) the liquid media can 

influence the formation of hollow particles; in particular, ethanol-water mixtures are 

more beneficial than water; (4) the formation even depends on the lase wavelength. 

Other researchers have used 355 nm, 532 nm or 1064 nm lasers to ablate Mg and Al 

targets in water, but did not observe hollow particles in the products.59-62 

Two other formation mechanisms of hollow particles need to be mentioned. The 

first is the nanoscale Kirkendall Effect. Very recently, Niu et al. also obtained hollow 

particles with sizes smaller than 50 nm by PLAL, including hollow PbS nanoparticles by 

PLA of Pb in mercaptoacetic acid, hollow MgO nanoparticles by PLA of Mg in 

ethanol/n-hexane, and hollow ZnS or ZnO nanoparticles by PLA of Zn in 

mercaptoethanol or ethanol/water mixture with addition of ferrocene (without ferrocene, 

only Zn/ZnO nanoparticles were obtained), and attributed the formation of these hollow 

nanoparticles to Kirkendall Effect.147 This effect was discovered by Ernest Kirkendall in 

1947,148 which explained the void formation at the interface of a diffusion couple 

considering the different interdiffusion rates between two components. The net flow of 

mass was balanced by an opposite flux of vacancies, which finally condensed into voids. 

Similar effect in the nanoscale was revealed by Yin et al. to explain the formation of 

hollow compound nanoparticles, such as cobalt sulfate nanoshells by reaction of cobalt 

nanocrystals with sulfur.149 In this mechanism, the diffusion of the metal core must be 

faster than the shell component; otherwise cracked shell will form instead of hollow 

interior.149 Also because some voids exist between the metal core and the shell during 

the process, the mass transport needs the formation of core-shell bridges and 
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considerable surface diffusion,149, 150 both of which more likely occur in the nanoscale 

and thus the hollow nanoparticles generated by this methods are generally very small,90 

e.g., < 20 nm in Yin’s research.149 The nanoscale Kirkendall Effect could not explain the 

formation of hollow particles in my research, which generally have sizes from hundreds 

of nanometers to micrometers. And typical counter-examples are the hollow particles 

from already oxidized targets, namely, TiO2 and Nb2O5

151

. Another counter-example is the 

hollow Pt particles, since Pt is inert and nearly impossible to form hollow particles 

through oxidation in water. For the reactive targets, Nakamura et al. have found some 

critical sizes of metal nanocrystals in order to form hollow metal oxide nanoparticles 

through the oxidation process.  For Al, the sizes must be smaller than 8 nm and the 

formation of oxide layer on Al surface stops once it reaches a critical thickness of ~ 1.5 

nm.151 It is obviously that the formation of hollow Al2O3

147

 particles in my research could 

not be explained by this mechanism. It is worth noting that Niu and the coworkers’ 

experiments used a low laser power density (106 W/cm2) with a long pulse width (1 ms) 

to generate metal nanodroplets (while excluding plasma or vapor), which was considered 

by the authors as a decisive point to make the nanoscale Kirkendall Effect possible.   

The other mechanism is the sintering-induced nanoshell formation through surface 

diffusion in nanoparticle aggregates.152 During thermal treatment of mesoporous 

aggregates, the rate of mass transport from the interior to the shell is higher than the rate 

of shrinkage, thus nanoshells with multiple and irregular pores or a single cavity may 

form depending on the relative rates of surface and grain boundary diffusivities as well 

as the sintering time.152 The precondition of this mechanism is the formation of 

mesoporous nanoparticle aggregates, but such aggregates could be only observed in the 

experiments of permalloy, such as those in Figures 3.1(c) and (e). The pores in these 

aggregates may be formed by this mechanism, since their sizes are smaller than the 

thermal diffusion length of laser heating (< 463 nm as shown in Section 3.2) and the 

pores are irregular. But for the permalloy micro-assemblies shown in Figures 3.3 and 3.4 

and the hollow particles of other materials, it is hard to apply this mechanism especially 

considering the quenching effect in the liquid media. 
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In this chapter, I first give a comprehensive description of the PLAL based on my 

research and other researchers’ work, and then build up the formation mechanism of 

hollow particles considering the dynamics of laser-induced bubbles. 

5.2 Laser Penetration of the Liquid 

Within the common experimental setup of PLAL, the laser beam has to penetrate a 

liquid layer before reaching the solid surface. Two phenomena could happen during the 

process. First, the focal length of the focusing lens will change due to refraction or even 

self-focusing (typically for picoseconds (ps) and femtosecond (fs) lasers) by the liquid 

layer.22, 153 Second, the laser beam will be attenuated when it passes through the liquid. 

The attenuation is due to absorption of photons and to their scattering by liquid 

molecules. This can be caused by other matters in the liquid as well, such as surfactant 

molecules, ions, and particles produced by previous laser pulses. The light intensity is 

decreased exponentially by 

0 0
exp[ ]

x

v v vI I dxµ= −∫       (1) 

for a path length of x, where µv 

0 exp( )v vI I xα= −

is the attention coefficient composed of the absorption 

coefficient α and the scattering coefficient at the light frequency v. In single phase 

materials or dilute solutions where absorption dominates, the attenuation can be 

expressed as the Lambert-Beer Law 

      (2) 

And the optical penetration depth of an absorbing material is given by  

1 /δ α=         (3) 

Generally, the liquid in PLAL is assumed to be transparent. However, multiphoton 

absorption by liquid molecules may occur even at relatively low fluence,154 and this in 

turn, may cause photothermal heating and/or photodissociation of the liquid especially 

for lasers of short wavelengths (e.g., UV lasers). These effects could be enhanced by the 

overlapping of the reflected and incident laser light,155 and the perturbed liquid 

molecules may drop a hint for cavitation bubbles in the laser path, which will be 

discussed later. Attenuation by laser-produced particles will be more significant upon the 

increasing of ablation time which results in higher particle concentration. This in turn, 



 

81 
 

may cause secondary laser processing of the particles, such as melting, 

welding/sintering, and fragmentation, and could be applied to fabricate unique 

nanostructures, such as the fullerene-like permalloy assemblies and the Ag nano-

networks. For a laser with photon energy larger than the work function of a metal or the 

band gap of a semiconductor, the laser irradiation will also induce photoionization of the 

metal particles and produce ions and dissociative electrons, or be absorbed by the 

semiconductor particles leading to other phenomena, such as photoluminescence and 

defects. 

5.3 Laser Ablation of the Solid 

After passing through the liquid, the focused laser beam irradiates on the solid 

surface. The deposition of photon energies on the surface gives rise to hot carriers of 

electrons or electron-hole pairs at a temperature Te. However, the pathways to ablation 

are varied depending on the pulse duration τL, fluence F, and the solid properties. At 

irradiances above a threshold Ip
4 (~1013 W/cm2 for metals and semiconductors),  the laser 

pulse induces optical breakdown of the solid and a direct solid-to-plasma transition. Well 

below Ip, which is the case for most PLA experiments using nanosecond (ns) lasers and 

for some picoseconds (ps) & femtosecond (fs) lasers, both thermal and non-thermal 

channels may lead to ablation. Two characteristic time scales are worth being mentioned 

first, namely, the electron-photon equilibration time τE (~ 10-12 - 10-11 s) and liquid-vapor 

equilibration time τLV 4 (~10-12 - 10-11 s according to Ref.  or ~10-9 - 10-8 s according to 

Ref. 156). The non-thermal channel opens when a laser-induced structural modification 

occurs in a time M Eτ τ< , while in most cases, M Eτ τ and thermal pathways 

dominate.157  

In general, there are three kinds of thermal processes: (1) vaporization, (2) normal 

boiling, and (3) explosive boiling, which are determined by thermodynamic and kinetic 

limits.158 Vaporization is the emission of atoms or molecules from the laser-irradiated 

surface by local perturbations. It has no temperature threshold but may be only important 

for 100 nsLτ ≥ .158 Normal boiling mainly occurs by heterogeneous nucleation, namely, 

a vapor bubble nucleate at the interface between superheated liquid with another phase, 
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such as impurities and involved solids. By contrast, explosive boiling occurs by 

homogenous nucleation completely within a superheated liquid. 

 

Figure 5.1 Typical P-T phase diagram for liquid-vapor transition. 
To illustrate the thermal processes, a typical P-T phase diagram for liquid-vapor 

transition is shown in Figure 5.1. The binodal curve is the liquid-vapor equilibration 

curve described by Clausius-Clapeyron equation 

dP L
dT T V

=
∆

       (4) 

where L is the latent heat and ΔV is the volume change of the phase transition. The 

intrinsic stability of a pure phase requires86 

( ) 0T
P
V
∂

<
∂

       (5) 

When the liquid is superheated beyond the binodal curve, it enters a metastable region, 

but the stability criterion (5) could be still satisfied until an upper limit. This limit is the 

spinodal curve where ∂P/∂V=0. Spontaneous nucleation can occur in the metastable 

region, the generation rate of bubbles at the critical size is given by86 
3

1/2
, 2

3 16( ) exp
3 [ ( ) ]N l

B l sat l l

J
m k T P T P
σ πσρ

π η
 −

=  − 
   (6) 
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where ρN,l is the number of liquid molecules or atoms per unit volume, σ is the surface 

tension, m is the mass of one molecule or atom, kB is the Boltzmann constant, Tl is the 

liquid temperature, Psat(Tl) is the saturation vapor pressure at Tl, Pl

( )exp l sat l

l l

P P T
RT

η
ρ

 −
=  

 

 is the ambient liquid 

pressure, and 

      (7) 

where ρl is  the density of the liquid. According to Eq. (6), the spontaneous nucleation 

rate increases exponentially with Tl

86

. And since it increases so rapidly, a narrow range of 

temperature exists that below the range spontaneous nucleation can be neglected and 

above the range it occurs immediately. The median temperature of this range, as named 

by the kinetic limit of superheat,  is about 0.9Tc
156.  Homogenous nucleation occurs at 

the kinetic limit of superheating, causing explosive boiling.  

The explosive boiling, or phase explosion as a solid is rapidly heated at constant 

pressure, was suggested by Miotello and Kelly as the ablation mechanism for short laser 

pulses ( 1000 nsLτ ≤ ).158 Several experimental results have verified the phase explosion 

behavior of ns laser ablation.156, 159 However, numerical investigations by Lewis et al. 

showed that phase explosion only occurs for ultrafast lasers of 11~ 10  sL thτ τ −<  (the 

characteristic time for heat conduction).4, 160 In this range, the isochoric heating builds up 

a strong pressure, which is then released by mechanical expansion and pushes the 

material across the kinetic limit of superheat, and finally results in phase explosion.160 

For L thτ τ≥ , however, heating is slower and thermal diffusion is efficient. The 

expanding supercritical liquid follows the binodal curve and dissociates into liquid 

droplets/clusters under near-equilibrium condition,160 viz., a process called “trivial” 

fragmentation,161 and results in ablation.  

The results of Lewis et al. indicate that the occurrence of phase explosion depends 

the expansion dynamics of the target. Expansion of the solid surface was not confined in 

the model, but definitely, this is not the case in the presence of a liquid layer. A 

numerical study by Perez et al. shows that the incompressibility of the liquid will 

confine the hot and pressurized material of the target over long time scales and slow 

down its expansion.154 Thus, even with ultrafast lasers, a liquid layer may sufficiently 
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prohibit the occurrence of phase explosion, while ablation by fragmentation and 

vaporization could still occur. 

For a laser pulse of 1210  sLτ
−≤ , the plume will not absorb laser energy considering 

τLV
8~ 10  sLτ

−. However, for ns lasers typically with , the ablation plume will absorb 

laser energy during the later stage of the laser pulses. The absorption is significant for ns 

ablation at relatively low irradiances, leading to maximum vaporization and ionization. 

Even at irradiances of 0.2-1.0 GW/cm2 near the ablation threshold, a considerable part of 

the ablation plume could be ionized,162, 163 namely, forming plasma. The plasma 

ionization can be calculated by the Saha equation164 

3/21 1 1
2

22 ( ) exp( )m e m e B m

m m B

n n u m k T I
n u h k T

π+ + += −    (8) 

for m = 0, 1, …, where nm+1 is the number density of the (m+1)st ions (for neutrals it is 

m=0), ne is the number density of electrons, um+1 is the partition function, me is the mass 

of electron, h is the Planck constant, and Im+1

165

 is the (m+1)st ionization potential. It is 

worth noting the light field is generally not uniformly distributed over the area of the 

focal spot. In some local regions the irradiances may substantially exceed the average 

field and induce the first ionization.  The effect of plasma screening could result in the 

saturation of ablation rate under higher irradiances.156, 164 

5.4 Shock Wave Emission 

The absorption of laser energy by the solid surface also emits shock waves to relax 

the excess energy. By definition, a shock wave is the formation of discontinuities in flow 

variables, such as the density.165 Two distinct compressive waves are emitted and 

propagate into both the solid and liquid. In the solid, rapid expansion immediately 

follows the shock wave. In the liquid, the shock front changes the refractive index, and 

thus the shock front can be observed by shadowgraph technique (e.g., a shock front 

becomes visible at ~50 ns in Ref. 155). It can be also observed due to the deflections of a 

laser probe by the shock front.166 The shock wave carries energy defined as the energy 

flux cross an area where a shock wave arrives167 
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where rs is the radical distance of the shock front from the origin, P is shock wave 

pressure, Us

The velocity of a shock wave front emitted from τ

 is the shock front velocity, t' is the time at the tail of the shock wave while t 

is set as zero at the shock front. 

L=8 ns laser ablation of Ag in 

water was estimated to be ~ 2600 m/s before rs

155

=0.5 mm, and ~ 1600 m/s in the later 

distance.  The latter value is comparable to the velocity of a shock wave generated by a 

τL=30 ns laser focusing in liquid nitrogen, which was measured as 1675 m/s at rs

167

=0.53 

mm.  The shock wave in the liquid nitrogen consumed ~35% of the laser energy of 36 

mJ.167 

The shock wave in the liquid dissipates a considerable portion of the energy while it 

propagates. Across the shock wave the liquid is heated. In particular, the shock wave 

may induce acoustic cavitation bubbles by travelling across the previously perturbed 

liquid by photothermal heating and/or photodissociation in the laser path. In previous 

studies with shadowgraph technique,155, 168 the cavitation bubbles observed in the laser 

path at ~ 9-20 µs after the propagation of a shock wave were probably formed by this 

mechanism. Acoustic cavitation induced by shock wave has been also observed on a 

solid-liquid interface previously irradiated by a laser beam.169 

Explosive collapsing of laser-induced bubbles will also emit shock waves, which is 

discussed in the following section. 

5.5 Laser-Induced Bubbles 

A unique feature of PLAL is the generation of bubbles from the liquid layer at the 

solid-liquid interface. Two pathways can lead to the formation of bubbles in pure liquid. 

One is the explosive boiling when the liquid temperature is raised approach the kinetic 

limit of superheat by ΔTc at roughly constant pressure. The other one is often called 

cavitation when the liquid pressure falls below the tension strength of the liquid by ΔPc

2
BP P

R
σ

∞= +

 

at roughly constant liquid temperature. The interior pressure of a bubble with radius R is 

       (10) 
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where P∞ is the liquid pressure at infinity. Nucleation of cavitation occurs at the critical 

nucleation size Rc

2
c

c

P
R
σ

∆ =

, and thus 

        (11) 

Generally, liquids, such as water, are not effective absorbing materials of laser. 

However, pulsed laser focusing in liquid could still induce bubbles by optical breakdown 

of the liquid when the irradiance is above a threshold Ip
92. , 170 Ip depends on the laser 

wavelength. For example, Ip
170 of water is ~ 1013 W/cm2 for a focused 1064 nm laser;  

while for a focused 248 nm laser, Ip
142 of water is just ~ 2×109 W/cm2.  The expansion of 

plasma associated with the breakdown pushes the surrounding liquid, resulting in a 

cavitation bubble. With the existence of an absorbing solid surface, the situation is much 

different. Boiling of the liquid layer close to the heated surface almost inevitably takes 

place even at irradiance well below the ablation threshold of the solid. Study has shown 

that the bubble nucleation and explosive boiling occur at the surface of a Cr film heated 

by a 248 nm KrF excimer laser above a threshold of 1.7×106 W/cm2.171 Physically 

speaking, cavitation and boiling have little different, since ΔPc and ΔTc

The nucleation of a bubble by PLAL may occur in the superheated liquid layer, but 

could also happen via heterogeneous nucleation at the solid-liquid interface. The bubbles 

in the foamy layer grow and aggregate into a single bubble along with the expansion of 

ablation plume. In macroscopic view by shadowgraph technique, only a nearly 

hemispherical bubble attached to the surface could be observed after ~106 s.

 can be related 

by the Clausius–Clapeyron Eq. (4), we shall consider the two processes simultaneously, 

and refer them as laser-induced bubbles.  

155 The 

bubble may detach from the surface by buoyancy and inertia forces from the liquid as it 

grows. The heterogeneous nucleation rate can be calculated by86 

,

2/3 3
1/2

2

(1 cos ) 3 16( ) exp
2 3 [ ( ) ]

N l
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ρ θ σ πσ
π η

+  −
=  − 

 (12) 

where θ is the liquid-solid contact angle, and 

31 3 1cos cos
2 4 4

F θ θ= + −      (13) 
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For θ > 70º, Eq. (12) gives a larger value than Eq. (6); while for θ < 65º, Eq. (12) gives a 

smaller value.86 Since the contact angle of water is typically 20º on a metal surface and 

30-40º on an oxide surface,86 homogenous nucleation of bubbles will be dominant for 

most PLAL experiments. 

For a spherical bubble growth, with the assumption that liquid is incompressible, the 

bubble boundary R(t) can be described by the Rayleigh-Plesset equation172 
22

2

3 1 2 4( )
2 B

l

d R dR dRR P P
dt dt R R dt

σ µ
ρ ∞

 + = − − − 
 

   (14) 

where µ is the viscosity coefficient. Several effects are neglected in the equation, such as 

the stability of the bubble interface, the thermal effects, and the physical conditions 

within the bubble. Nevertheless, the equation can describe the oscillation behavior of 

bubble dynamics, that is, the bubble grows up to a maximum radius, and then collapses 

to a minimum size. During the expansion, the pressure and temperature inside the bubble 

rapidly decrease; and during the collapse, the pressure and temperature increase up to 

their original values. This causes the expansion of a new bubble, and the emission of a 

secondary shock wave. The bubble energy is given by167 

3
max

4 ( )
3B BPE R Pπ

∞ −       (15) 

where Rmax is the maximum size of the bubble. The bubble may oscillate several times, 

but because of the energy loss due to the shock wave emission, heat conduction, and 

damping due to the liquid’s viscosity. The Rmax

It has been shown that the bubble growth in a uniformly superheated liquid is 

initially inertia-controlled and R(t) ∝ t. In the later stage, it is heat-transfer-controlled 

and R(t) ∝ t1/2.

 and oscillation time of each cycle will 

decrease. 

86 The bubble growth near heated surface is more complex due to the lack 

of spherical symmetry and the nonuniformity of temperature field. However, it still 

shows stage of inertia and thermal effects.86 The bubble on the laser ablated solid surface 

is in contact with the surface and nearly semispherical, partially depending on the liquid 

contact angle θ. The contact effect can be included in the Rayleigh-Plesset equation (14) 

by replacing σ with σsinθ.173 
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In the absence of surface tension and gas content, Eq. (14) can be derived to give the 

time tc required for completely collapse of bubble from R = Rmax
172 to R = 0:  

max0.915 l

B
ct R

P P
ρ

∞ −


      (16) 

However, the bubble may contain gas contents such as hydrogen and oxygen. 

Several routes may generate atomic or molecular hydrogen and oxygen: the evolution of 

free radicals produced by photodissociation142 or collapsing of bubbles,174 the original 

soluble gas in the liquid,175 and the reaction byproducts of ablated materials with the 

liquid. When considering gas-filled bubbles in a unsaturated liquid, the collapse is 

determined by mass diffusion of the gas into the liquid, and the time tcs

175

 for complete 

solution is  
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2
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≈

−
       (17) 

where ρg is the density of the gas in the bubbles, D is the diffusion coefficient of the gas 

in the liquid, cs is the saturated concentration of the gas at the bubble interface and c∞

The gas content can increase the stability of a laser-induced bubble. For example, 

considering water at 20 ºC, ρ = 998.2 kg/m3, P = 100 kPa, P

 is 

the ambient concentration. 

B = 2.33 kPa, tc calculated 

by Eq. (16) for a bubble with Rm = 10 µm is ~ 9.3×10-7 s. The typical value of (cs - 

c∞)/ρG
172 is 0.01,  and D of gases in water at 20ºC are typically ~ 2×10-9 m2/s (e.g. 

Dhydrogen = 4.25×10-9 m2/s and Doxygen 
176= 2.3×10-9 m2/s),  thus tcs of a gas-filled bubble 

with Rm 

169

= 10 µm is ~ 2.5 s. That is a 6 order of magnitude increase of the bubble’s 

collapse time. The gas-containing bubbles may also collapse into metastable 

ultramicroscopic bubbles, which could serve as long-lived cavitation nuclei.  

The bubble lifetime can be affected by the liquid viscosity. Increasing viscosity will 

decrease the rates of bubble growth and collapse, the bubble oscillation undergoes less 

damping in the liquid and thus has longer lifetime.177, 178  

The lifetime of a bubble can be also increased by adsorption of impurities, such as 

nanoparticles, to the bubble interface that hinder the interface movement.175 Similar 

effect has been intensively studied in the research area of foam formation.179, 180 
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5.6 Nanocluster Formation 

The expansion or collapse time of a laser-induced bubble in its first oscillation cycle 

is generally 100-200 µs.155, 168, 170 During the expansion, the ablation plume rapidly cools 

down. Electrons and ions recombine primarily by three-body collisions with an electron 

as the third body,165 and condensation will occur in the vapor. The condensation 

proceeds in two stages, namely, nucleation of critical clusters and growth of the nuclei. 

The dynamic condensation of expanding vapor has been described by the Zel'dovich-

Raizer theory.165 The plume expansion obeys the equation 
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    (18) 

Comparing Eq. (14) with Eq. (18), it is inferred that the expansion profiles of ablation 

plume and laser-induced bubble are different. The energy barrier to form a spherical 

condensed cluster is 

3 24 4
3 NG r rπ ρ µ π σ∆ = − ∆ +      (19) 

Where ρN

( ) / 0d G dr∆ =

 is the number density of atoms in the cluster, Δµ is the chemical potential 

change between a condensed and uncondensed atom. The critical size of homogenous 

nucleation can be calculated from , and 
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        (20) 

The nucleation rate changes extremely rapidly with the supercooling181, 182 
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where Teq is the equilibrium temperature along the binodal curve, q is the heat of 

evaporation. Both of rc and the nucleation rate depend on the vapor temperature Tv

183

, 

which is determined by two competitive effects: the cooling due to plume expansion and 

the heating by vapor condensation.  In vacuum and gas, the condensation will 

eventually stop due to the high cluster temperature and low vapor pressure.183, 184 Study 

has shown that the ions in the ablation plume could depress the energy barrier of 
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clustering due to dielectric attraction to surrounding vapor atoms, which increases the 

nucleation rate, and consequently, decreases the average cluster size.184  

Condensation of plume in liquid will be much different from that in vacuum and 

gas. Due to the finite lifetime and oscillation behavior of the bubble, nanocluster 

formation will strongly rely on the nucleation time. The nucleation time scale of ablation 

plume in gas has been investigated by time-resolved photoluminescence (PL), Rayleigh 

scattering (SC) technique and redecomposition laser-induced fluorescence (ReD-

LIF).185-187 By using PL and SC, the onset times of nanocluster formation were measured 

to be 150-200 µs by PLA of Si in 10 Torr He, and 3 ms by PLA of Si in 1 Torr Ar.187 

The results from ReD-LIF showed that clustering started at ~ 200 µs, 250 µs, 300 µs, 

and 800 µs by PLA of Si in 10 Torr He, Ne, Ar, and N2
185, respectively. , 186 If we 

consider the similar onset time of clustering in He and assume these all of the times 

reflect the true nucleation times, then increasing the pressure of Ar from 1 to 10 Torr 

will decrease the nucleation time from 3 to 0.3 ms. In other words, increasing the 

confinement of the ablation plume will decrease the nucleation time, although it also 

depends on the type of buffer gas. The pressure of PLAL experiments generally is the 

normal atmosphere (760 Torr), and the liquid layer exert an inertia confinement, thus the 

nucleation time may be in the order of 10-5 s or shorter, depending on the liquid type and 

solid properties, etc. But a typical time is very likely larger than the isothermal 

nucleation time of 10-10-10-9 s calculated by Wang et al.87 Nevertheless, it could be still 

smaller than the time of first oscillation of a bubble (~ 10-4 s), and it is expected that 

clustering occurs at least partially in the laser-induced bubble. The change of bubble’s 

lifetime and rates of growth and collapse will affect the interior condition, which in turn, 

exerts influence on the nanocluster formation. 

During the bubble oscillation, the matter in the plume fringe may accumulate on the 

bubble interface similar to the situation of PLA in gas.188 This effect will be more 

significant during the collapse of the bubble, when the momentums of the plume fringe 

and bubble interface are in inverse directions. Some of the accumulated matter, 

especially electrons and ions, may dissolve into the liquid and form a solution, thus 

nanocluster nucleation and/or chemical reactions could occur in the nearby liquid. 

During a rapid collapse, the bubble produces an intense local heating again. The hot spot 
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could have temperature of ~ 5000 K and pressure of ~108 Pa with heating and cooling 

rates of > 1010 K/s.174 In the hot spot, the clusters may form metastable phase, or be 

transformed into vapor again. Generally the bubble oscillates no more than two 

cycles.155, 168 The final explosive collapse will release the interior matter, namely, vapor 

and/or clusters, into the liquid. The explosive collapse can also cause cavitation damage 

to the solid surface, which also induces material removal. 

5.7 Formation of Hollow Particles on Laser-Induced Bubbles 

1) The scenario. The hollow particles are considered to form by attachment of 

laser-produced clusters to the interfaces of laser-induced bubbles. There are two possible 

routes for the cluster attachment. First, the clusters are in the bubbles and accumulate on 

the bubble interfaces during the bubble oscillation, especially during the collapse period. 

Second, the clusters are dispersed in liquid around the bubbles, including the laser-

induced bubbles and the metastable ultramicroscopic bubbles from collapsed bubbles,169 

and are attached to the bubble interfaces. In both cases, the attachment of clusters will 

restrict the interface motion. Once a bubble interface absorbs enough clusters which 

encounter each other, a cluster network or layer will form which finally halts the 

interface motion. For oscillating bubbles, this occurs more likely during the collapse 

period, while the interface shrinks and thus the areal density of clusters increases. 

Depending on the local temperature, the clusters may form a hollow aggregate or even 

melt to form a smooth layer, which could provide a template for further nucleation and 

growth of a hollow particle with thicker shell. 

In this scenario, attachment of clusters from the liquid is more likely. It is worth 

noting that laser-induced bubbles are similar to acoustic cavitation bubbles,177 and 

research has shown that cavitation bubbles could trap Pt nanoparticles (5 nm) from 

colloidal solution to form hollow Pt spheres (1-2 µm).189 The possibility to trap enough 

clusters by this route strongly depends on the concentration of clusters near the interface 

and the oscillation time of the bubbles, which allows more clusters to diffuse to the 

interface. Some experimental results support this assumption. In Section 3.2, the hollow 

permalloy aggregates could only form after a long ablation time (4 hrs), which increased 

the concentration of primary nanoparticles. In Section 3.4, the proportion of hollow 



 

92 
 

particles in the Al2O3

 

 products increases with increasing particle size. With the 

hypothesis that larger hollow particles are formed on larger bubbles, the possibility of 

forming a hollow particle is determined by the bubble size, which in turn, the bubble’s 

lifetime according to Eq. (16). Also in this section, Figure 3.15(d) shows a broken 

hollow sphere with a layer thinner than the shell partially formed on the broken hole. 

This could occur only if after the broken of the shell, a bubble interface still existed on 

the hole, and the clusters in the liquid diffused to the interface and formed the new shell. 

Figure 5.2 Schematic diagram of a cluster trapped by a bubble interface. γLB, γCB, 
and γCL

2) Thermodynamic requirement. The attachment of laser-produced clusters to the 

interfaces of laser-induced bubbles must satisfy the thermodynamic requirement that the 

free energy of the system must decrease, and an energy barrier must exist to trap the 

cluster. Figure 5.2 shows the schematic diagram a cluster trapped by a bubble interface. 

The contact area of the cluster with the liquid is 

 denotes the surface tension of liquid-bubble, cluster-bubble, and cluster-
liquid, respectively. r is the cluster radius and θ is the contact angle of the liquid 
with the cluster. 

22 (1 cos )rπ θ+ , and that of the cluster 

with the bubble is 22 (1 cos )rπ θ− . The area of bubble interface eliminated by the cluster 

is 2 2sinrπ θ . If the cluster was originally in the liquid, then the energy change of the 

attachment of the cluster to the bubble interface would be 
2 2 22 (1 co ( sins )) CB CL LBrG rπ γ θθ γ π γ∆ = − −−   (22) 

If originally the cluster was in the bubble, then the energy change would be 
2 2 22 (1 co ( sins )) CL CB LBrG rπ γ θθ γ π γ∆ = − −+   (23) 

The surface tensions must be in equilibrium (e.g., Young’s equation): 
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s coCB CL LBγ γ γ θ+=       (24) 

The Eq. (22) and (23) can be simplified to  
2 2 - (1 cos ) LBG rπ θ γ∆ = ±      (25) 

in which the negative sign inside the bracket is from Eq. (22) and the positive is from 

Eq. (23). This equation also gives the energy barrier Eb

2 2(1 cos )b LBE G rπ θ γ= ∆ = ±

 that hinders the escape of the 

cluster,  

    (26) 

Since typically θ < 90º for liquid on metal or oxide surfaces,86 energy barrier for the 

cluster to escape into the liquid would be smaller, thus Eb

2 2(1 cos )b LBE rπ θ γ= −

 can be written as 

     (27) 

Considering an oxide cluster (e.g., MgO) with r = 4 nm in water at 20 ºC, using the 

surface tension of water-air interface γ = 73 × 10-3 N/m,190 and the typical contact angle 

of water on oxide surface θ ≈ 35°, calculation shows Eb ≈ 30kBT (kB is the Boltzmann 

constant and T is temperature), In contrast, hydroxide clusters (e.g. Mg(OH)2

191

) are very 

hydrophilic,  namely, θ ≈ 0, thus Eb ≈ 0 and an hydroxide cluster could hardly stay on 

a bubble interface due to the lack of an energy barrier. That is the reason why MgO 

could form hollow particles but Mg(OH)2

2) Kinetic requirement. In the hollow particle formation scenario, a laser-induced 

bubble must trap enough clusters to form a hollow particle, and the clusters mainly come 

from the liquid. Then the clusters should have enough time to diffuse to the bubble 

interface, which, in turn, requires a long lifetime of the bubble. Considering the 

Brownian motion of clusters in liquid, the diffusion coefficient is given by 

 does not as shown in Section 3.5. 

       (28) 

where µ is the dynamic viscosity of the liquid. For a cluster with r = 4 nm in water at 20 

ºC, D = 5.4×10-11 m2/s. The root-mean square displacement of the nanocluster in the 

collapse time of a bubble with Rmax = 10 µm (tc max6 17 nmDt R=  = 9.3×10-7 s) is , 

thus it is hard for enough nanoclusters to diffuse to the interface and form hollow 

particles. That may be the reason that why hollow particles are generally rare in the 

laser-produced products.  

B

6
k TD

rπµ
=
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Compared with the other materials I have studied, Al and Mg targets are more likely 

to generate hollow particles in water. One similarity between them is that both of them 

have low melting points, but the melting point of Zn is even lower, yet it is difficult to 

obtain hollow particles by excimer laser ablation of Zn in water. Another similarity is 

that both of them are highly reactive, and generate atomic and/or molecular hydrogen 

gas by the oxidation in water. The gas may not only provide cavitation nuclei for the 

laser-produced bubbles, but also increase the stability of the bubbles. In section 5.5, it 

has been shown that the gas content can largely increase the stability of a laser-induced 

bubble (about 6 order of magnitude). In this case, 6Dt = 28 µm > Rmax. That may 

make the formation of hollow particles much easier. In Figure 3.16, the laser-induced 

bubble on Al surface in water with Rmax ≈ 8 µm has a lifetime ≥ 0.2 s, which is 

apparently much longer than the lifetime (2tc

The facts that other researchers did not observe hollow particles by PLAL of Mg 

and Al using 355 nm, 532 nm and 1064 nm lasers

 ≈ 1.5 µs) calculated by Eq. (16). This also 

indicates the existence of gas content in the laser-induced bubbles. 

59-62 could be also explained by the gas 

content in the bubbles. The KrF excimer laser (248 nm) has larger photon energy (5.0 eV) 

than the 355 nm (3.5 eV), 532 nm (2.3 eV), and 1064 nm (1.2 eV) lasers. It is well 

known that the 248 nm excimer laser can induce dissociation of water molecules (energy 

requirement: 6.6 eV/molecule) due to its high photon energy, 
2

2H O  OH Hhv→ +        (29) 

and thus, the photodissociation could result in the formation of more atomic hydrogen 

gas.142 The atomic and/or molecular gases generated by the chemical reactions and 

photodissociation may have mutually contributed to the stabilization of excimer laser-

induced bubbles, therefore excimer laser ablation of Mg and Al in water are easier to 

generate hollow particles. The observation of hollow Pt particles may be partly due to 

the catalytic effect of Pt to the photodissociation of water.192   

3) Improving the formation of hollow particles. The kinetic limitation requires 

the increase of the bubbles’ lifetimes to facilitate the formation of hollow particles. In 

sections 3.4 and 3.6, it has been shown that ethanol-water mixtures could increase the 

proportion of hollow particles in the products due to longer bubble lifetimes in the 
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mixtures. Therefore, it is inferred that other binary solutions with one component of low 

boiling point may serve a similar role. 

Another way to increase the bubble’s lifetime is to increase the liquid viscosity. 

Formation of hollow Ag particles in aqueous solutions of organic surfactants, such as 

Triton X-100 and polysorbate 80 as shown in Sections 3.7 and 4.4, has partially verified 

this route. However, increasing the liquid viscosity will also decrease the diffusion 

coefficient of clusters in the liquid, and thus there is a trade-off between these two 

factors. 

5.8 Summary 

This chapter has given a mechanistic description of the PLAL process. Based on the 

description, a detailed scenario of hollow particle formation on laser-induced bubbles 

has been accounted for. Recent research shows that arbitrarily shaped cavitation bubbles 

can be generated in liquid by using laser intensity patterns,193 thus trapping nanoclusters 

by laser-induced bubbles is a promising method for the discovery and growth of other 

unique hollow nanostructures that cannot be fabricated by other methods.   
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6. Conclusion and Perspective  

The work presented in this dissertation addresses the micro-/nanostructures 

generation by pulsed excimer laser ablation of solids in liquid media with emphasis on 

the formation of hollow particles and laser-induced reactions. The research started with 

the pulsed excimer laser ablation of a permalloy (Fe19Ni81) target in aqueous solution of 

sodium dodecyl sulfate which produced permalloy particles; and through a time-

dependent study, revealed laser-induced assembly, sintering, and fragmentation of the 

particles. Specifically, permalloy particles with diameters of 400-600 nm were observed 

to assemble into fullerene-like hollow microparticles. Intrigued by the hollow particles, I 

further studied Al, Pt, Zn, Mg, Ag, Si, TiO2, and Nb2O5. The formation of hollow 

particles by excimer laser ablation in liquid turned out to be a general phenomenon, but 

only Al and Mg targets have strong tendencies to generate hollow particles (of Al2O3 or 

MgO). Generally, there are two kinds of hollow particles: they may have smooth and 

continuous shells, such as those generated by excimer laser ablation of Al, TiO2, and 

Nb2O5

During the study of hollow particles, the laser-induced reactions were also 

investigated. They may occur between laser-produced species with water, electrolytes, or 

even surfactant molecules. The laser-induced reactions can generate novel micro-

/nanostructures. Chapter 4 has shown the formation of Zn(OH)

 in water and Ag in aqueous solutions of organic surfactants; or they may be 

assembled from nanoparticles, such as those generated by laser ablation of Zn and 

permalloy in ethanol-water mixtures. Excimer laser ablation of Pt in water could 

generate both kinds of hollow particles, plus an additional one with almost continuous 

shells coalesced by micrograins. Excimer laser ablation of Si in water could also 

generate hollow particles with nanoparticles observable on almost continuous shells. By 

excimer laser ablation of Al in water and ethanol-water mixtures, I found that the 

proportion of hollow particles in the products generally increases with increasing particle 

size, and ethanol-water mixtures could promote the formation of hollow particles. 

Further study revealed that the bubbles generated in the mixture had significantly longer 

lifetimes compared to water alone. These experimental results have been shown in 

Chapter 3.  

2/dodecyl sulfate flower-

like nanostructures by reaction of laser-produced Zn species with water and sodium 
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dodecyl sulfate, the formation of AgCl cubes by reaction of laser-produced Ag+ ions 

with Cl- anions, and formation of Ag2

A mechanistic description of the pulsed laser ablation in liquid has been given in 

Chapter 5. In particular, the dynamics of laser-induced bubbles, which were seldom 

considered by other researchers in this area, have been discussed. And based on the 

bubble dynamics, I have established the mechanism of forming hollow particles on laser-

induced bubbles through bubble surface pinning, and discussed the thermodynamic and 

kinetic requirements of the pinning effect.  

O cubes, pyramids, triangular plates, pentagonal 

rods and bars by reaction of laser-produced Ag+ ions with OH- anions in the presence of 

polysorbate 80 micelles. These phenomena have not reported by other researchers. 

 The work has already demonstrated that pulsed excimer laser ablation in liquid 

provides a large academic room, i.e., we can explore disparate regions of parameter 

space with outcomes that are impossible to envision a priori. Especially, the observation 

of hollow particles with the associated mechanism has created a new topic in this 

research area. The laser-induced reactions also provide enormous possibilities to 

fabricate new nanostructures. 

The broader impact of the investigation is that despite the combinatorial and non-

equilibrium environment provided by the unique experimental arrangement, the basic 

laws of material science (e.g., the thermodynamic and kinetic requirements) still apply. 

Understanding and utilizing the laws will help researchers to fabricate new 

nanostructures by this and other methods providing similar environment. 

Since the hollow particles are usually rare products except those from Al and Mg 

targets, for practical applications further investigation is still needed to improve the 

generation of hollow particles. One possible route is to incorporate the acoustic 

cavitation into the laser ablation experiments by holding the target and liquid in a high-

intensity ultrasonic rig. In this way, the laser-induced cavitation and acoustic cavitation 

can be coupled, and thus may largely promote the formation of bubbles and increase 

their lifetimes. As for the laser-induced reactions, one may survey the traditional 

chemical deposition reactions of metal ions with other anions, and ablate the metal in a 

solution containing the anions, novel nanostructures may be obtained.  
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